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ABSTRACT.
E x p e r im e n ts  were c a r r i e d  o u t  to  i n v e s t i g a t e  t h e  
r e l a t i o n s h i p  between  th e  a u x in  c o n t e n t  o f  t h e  upper  and lower  
h a l v e s  o f  h o r i z o n t a l ,  p r im a r y  r o o t s  o f  P isum  s a t iv u m  and 
t h e i r  gro^wth d u r in g  g eo t ro p ism *
A s p e c i a l  k l i n o s t a t  was c o n s t r u c t e d  t o  r o t a t e  t h e  r o o t s  
s u b s e q u e n t  to  g r a v i t a t i o n a l  s t i m u l a t i o n .
G e o t r o p ic  c u r v a t u r e  and g row th  o f  t h e  r o o t s  were 
r e c o r d e d  p h o t o g r a p h i c a l l y  and s t u d i e d  i n  d e t a i l .
A method was e v o lv e d  f o r  t h e  e s t i m a t i o n  o f  th e  p o s s i b l e  
a u x in  c o n t e n t  o f  r o o t s  d u r i n g  t h e  g e o t r o p i c  r e a c t i o n .
T re a tm e n t  w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  2 ,4 - D i c h lo r o ~  
p h e n o x y a c e t i c  a c i d ,  a  s y n t h e t i c  hormone,  and p I n d o l e a c e t i c  
a c i d ,  (assumed to  be t h e  n a t u r a l  a u x in  i n  p e a  r o o t s ) ,  
m o d i f i e d  t h e  d eg re e  o f  th e  g e o t r o p i c  r e a c t i o n  o f  r o o t s ,  
dep en d in g  on th e  c o n c e n t r a t i o n  a p p l i e d ,  b u t  i t  d id  n o t  
change t h e  n a t u r e  o r  c o u r s e  o f  t h e  r e a c t i o n  i n  any way.
T re a tm en t  w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  an  a n t i - a u x i n ,  
- ( 1 - n a p h t h y l m e t h y l s u l p h i d e  ) - p r o p i o n i c  a c i d ,  r e s u l t e d  i n  
i n c r e a s e d  growth  o f  t h e  r o o t s  b u t  t h e  amount o f  g e o t r o p i c  
c u r v a t u r e  was r e d u c e d .
oc- (  1 - n a p h t h y l m e t h y l s u l p h i d e ) - p r o p i o n i c  a c i d  a p p l i e d  i n  
co m b in a t io n  w i th  h i g h  c o n c e n t r a t i o n s  o f  2 , 4 -B ic h lo ro p h e n o x y -  
a c e t i c  a c i d  or  p I n d o l e a c e t i c  a c i d  p r e v e n t e d  t h e  i n h i b i t i o n  
o f  r o o t  g row th  n o rm a l ly  caused  by t h e s e  hormone c o n c e n t r a t i o n s  
and a  f a i r l y  norm al  g e o t r o p i c  r e a c t i o n  to o k  p l a c e  i n  t h e  
t r e a t e d  r o o t s .
oc
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ABSTRACT ( c o n t i n u e d )
A c o n s i d e r a t i o n  o f  t h e  r e s u l t s  o f  t h e  r e s e a r c h  l e d  to  
t h e  c o n c l u s i o n  t h a t  t h e  V ent  Cholodny t h e o r y  o f  s im p le  
r e d i s t r i b u t e  on o f  e x i s t i n g  a u x in  w i t h i n  t h e  r o o t  was 
i n a d e q u a t e  to  e x p l a i n  c o m p l e t e l y  t h e  g e o t r o p i c  g ro w th  r e a c t i o n ,  
p I n d o l e a c e t i c  a c i d  or  some s i m i l a r  hormone a p p e a re d  t o  p l a y  
a  v i t a l  p a r t  i n  g e o t r o p i s m ,  b u t  w h i l s t  i t s  p r e s e n c e ,  or 
a b s e n c e ,  and c o n c e n t r a t i o n  d e t e rm in e d  th e  d e g re e  o f  t h e  
r e a c t i o n ,  some o t h e r  unknown s y s t e m  i n  t h e  r o o t  was th o u g h t  
t o  be r e s p o n s i b l e  f o r  g e o - p e r c e p t i o n  and th e  i n i t i a t i o n  o f  
t h e  r e a c t i o n .
My th a n k s  a r e  due to  P r o f e s s o r  h ,  J .  Audus f o r  h i s  
h e l p f u l  a d v i c e  and c r i t i c i s m  d u r in g  t h i s  r e s e a r c h *
The r e s e a r c h  was made p o s s i b l e  by  a  g r a n t  f rom  th e  
D epar tm en t  o f  S c i e n t i f i c  and I n d u s t r i a l  R e sea rch *
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INTRODUCTION
G eo tro p ism  i s  t h e  te r ra  u s e d  to  d e s c r i b e  t h e  g row th  
r e a c t i o n  o f  a  r o o t  or  s h o o t  to  t h e  u n i l a t e r a l  s t i m u l u s  
o f  g r a v i t y .  An o r t h o g e o t r o p i c  r e a c t i o n  r e s u l t s  i n  a  
c u r v a t u r e  i n  t h e  o rg a n ,  b r i n g i n g  i t  p a r a l l è l  t o  t h e  f o r c e  
o f  g r a v i t y .  A p r im a r y  r o o t ,  d i s p l a c e d  f rom  th e  v e r t i c a l  
p o s i t i o n ,  c u rv e s  so  t h a t  t h e  t i p  i s  d i r e c t e d  tow ards  t h e
c e n t r e  o f  t h e  e a r t h .  Th is  r e a c t i o n  i s  known as p o s i t i v e
o r t h o g e o t r o p i s m .  (The p r e s e n t  r e s e a r c h  was co n ce rn ed  o n ly  
w i t h  t h i s  r e a c t i o n  which  w i l l  h e n c e f o r t h  be r e f e r r e d  t o  
s i m p ly  as g e o t r o p i s m ) .  The a c t u a l  g row th  r e s p o n s e  to  
g r a v i t a t i o n a l  s t i m u l a t i o n  o c c u r s  i n  t h e  e l o n g a t i n g  zone 
o f  t h e  r o o t ,  b e h in d  t h e  r o o t  t i p .
The g row th  r e a c t i o n  cau sed  by  th e  f o r c e  o f  g r a v i t y
h a s  been s t u d i e d  f o r  c e n t u r i e s .  As e a r l y  as 17 00,
D odar t  was i n v e s t i g a t i n g  t h i s  r e a c t i o n ,  b u t  i t  was n o t  
u n t i l  K n ig h t  (1806)  i n v e n t e d  th e  k l i n o s t a t  t h a t  i t  was 
p o s s i b l e  to  d e m o n s t r a t e s t h a t  g r a v i t y  was d e f i n i t e l y  th e  
cause  o f  t h e  r e a c t i o n .
The c o u r s e  o f  t h e  g e o t r o p i c  r e a c t i o n ,  i n  V i c i a  
E aba  r o o t s ,  was f i r s t  d e s c r i b e d  by Sachs (1S79) and th e  
f a c t  t h a t  t h e  r o o t  t i p  was one o f  t h e  main r e g i o n s  to  
p e r c e i v e  t h e  s t i m u l u s  was d e m o n s t r a te d  by  C i e s e l s k #  i n  1872 
and f u r t h e r  co n f i rm ed  f o r  many p l a n t s  by C h a r l e s  and 
E r a n c i s  Darwin (1880)  and o t h e r  w o rk e r s .
F o l lo w in g  t h e s e  o r i g i n a l  ex p e r im en ts  on g e o t ro p is m .
2a  g r e a t  d e a l  of  d a t a  was p u b l i s h e d  by v a r i o u s  w o rk e r s ,  
i n c l u d i n g  F i t t i n g  (1 9 0 5 ) ,  Bach (1 9 0 7 ) ,  P r a n k e r d  (1922) 
and Hawker ( 1 9 3 2 ,3 3 ) ,  on t h e  t im e  c o u r s e  o f  t h e  r e a c t i o n  
and t h e  e f f e c t s  o f  t e m p e r a t u r e ,  l i g h t ,  p r e s s u r e  e t c . .  
These s t u d i e s ,  w h i l s t  o f  g r e a t  i n t e r e s t ,  were p u r e l y  
q u a l i t a t i v e  and o f f e r e d  no e x p l a n a t i o n  o f  t h e  way i n  
which  t h e  g e o t r o p i c  r e a c t i o n  was b ro u g h t  a b o u t .  Some 
complex t h e o r i e s  were p u t  f o rw a rd  c o n c e r n in g  t h e  r e a c t i o n  
b u t  none was fo u n d ed  on c o n c r e t e  f a c t .
The most f e a s i b l e  t h e o r y  a t  t h e  b e g in n in g  of t h e  
t w e n t i e t h  c e n t u r y  was t h e  S t a t o l i t h  t h e o r y  o f  Haber I a n  d t  
and Nemec. P f e f f e r  (187 5 ,9 4 )  h a d  s u g g e s t e d  t h a t ,  when 
a  r o o t  was p l a c e d  h o r i z o n t a l ,  changes  i n  p r o t o p l a s m ic  
p r e s s u r e  on t h e  c e l l  w a l l s  m ight  be t h e  s t i m u l u s  v h ic h  
u l t i m a t e l y  r e s u l t e d  i n  g e o t r o p i c  c u r v a t u r e .  N o l l  (1900) 
p o s t u l a t e d  " Z e n t r o s p h a r en" - -  o rgans  or s t r u c t u r e s  i n  
p l a n t  c e l l s  v/hich were co n c e rn e d  w i t h  g r a v i p e r c e p t i o n . 
F i n a l l y  t h e  s y s t e m a t i c  r e s e a r c h  of  Haber la n d  t  and Nemec, 
w ork ing  i n d e p e n d e n t l y ,  r e s u l t e d  i n  1900 i n  t h e  S t a t o l i t h  
Theory  o f  g e o t r o p i s m .  A cco rd ing  t o  t h i s  t h e o r y ,  a f t e r  
d i s p l a c e m e n t  o f  t h e  o rgan  f ro m  t h e  v e r t i c a l  p o s i t i o n ,  
s t a r c h  g r a i n s  i n  t h e  c e l l s  f e l l  u nder  t h e  a c t i o n  of  
g r a v i t y  and s e t  up an i r r i t a h i b i v -  i n  t h e  p r o to p la s m .
T h is  i r r i t a t i o n  was t h e  f i r s t  s t e p  in  t h e  g e o t r o p i c  
r e a c t i o n .  No a t t e m p t  was made t o  i d e n t i f y  f u r t h e r  s t e p s  
i n  t h e  r e a c t i o n .  There  seems l i t t l e  doubt t h a t  s t a r c h  
g r a i n s  do move i n  t h e  manner d e s c r i b e d  by  H a b e r la n d t
and Nernec and t h e r e  i s  much e v id e n c e  t h a t  when s t a t o l i t h  
s t a r c h  i s  p r e s e n t  t h e  o rgan  h as  t h e  power o f  g r a v i -  
p e r c e p t i o n .  Van G u t te n b u rg  (1 9 2 0 ) ,  P ra n k e rd  (1922) and 
Hawker (1 9 3 2 ,3 3 )  d id  r e s e a r c h  i n t o  t h e  p ro b lem  and 
fo u n d  a  c l o s e  c o r r e l a t i o n ,  i n  manÿ p l a n t s ,  between t h e  
developm ent  of  s t a t o l i t h  s t a r c h  and t h e  s e n s i t i v i t y  o f  
t h e  p l a n t  t o  g r a v i t y .  Z o l l i k o f e r  ( 1 9 1 8 ) ,  P r o t i c  (1928) 
and Hahnes (1934)  u s e d  v a r i o u s  methods to  p ro v e  t h a t  
s t a t o l i t h  s t a r c h  was e s s e n t i a . l  f o r  t h e  p e r c e p t i o n  o f  
g r a v i t y .  E v id en ce  a g a i n s t  t h e  t h e o r y  was f u r n i s h e d  by 
von U b isc h  (1928)  and S y re  (1938) who c la im e d  t h a t  t h e r e  
was no p a r a l l e l i s m  be tween  t h e  p o s i t i o n  of  s t a t o l i t h s  and 
t h e  g e o t r o p i c  r e a c t i o n  o f  r o o t s .  There  i s ,  h o w ev e r , 
much d e f i n i t e  e v id e n c e  i n  f a v o u r  o f  a  c l o s e  c o r r e l a t i o n  
be tween  s t ^ l i t h  s t a r c h  and g e o t r o p i c  s e n s i t i v i t y ,  
a l t h o u g h  t h e  r o l e  which  such  s t a r c h  c o u ld  nla.y i n  t h e  
r e a c t i o n  has  n ev e r  been c o n c l u s i v e l y  d e m o n s t r a t e d .
B laauw 's  work (1909-18)  on p h o t o t r o p i s m  began a 
new e r a  o f  r e s e a r c h  i n t o  t r o p i c  r e s p o n s e s  which  was 
q u a n t i t a t i v e  r a t h e r  t h a n  q u a l i t a t i v e .  As a  r e s u l t  o f  
h i s  r e s e a r c h  he  p u t  f o rw a rd  th e  i d e a  t h a t  t r o p i s m s  were 
s im p ly  a  phenomenon o f  d i f f e r e n t i a l  g ro w th .  Boysen 
J e n s e n  (1910)  found t h a t  t h e  g e o t r o p i c  s t i m u l u s  cou ld  
be t r a n s m i t t e d  a c ro s s  a cu t  s u r f a c e  i n  t h e  Avena c o l -  
e o p t i l e ,  b u t  co u ld  n o t  p a s s  th r o u g h  a  m ica  s h e e t  i n s e r t e d  
i n  t h e  c u t .  This i n d i c a t e d  t h a t  a  d i f f u s i b l e  s u b s t a n c e  
wa,s in v o lv e d  i n  t h e  r e a c t i o n .  P a a l  (1 9 1 1 ,1 4 ,1 9 )  s t a t e d
t h a t  t h e  t i p  o f  a  s t i m u l a t e d  o rg an  form ed g row th  r e g u l a t i n g  
s u b s t a n c e s  and tha-t  t r o p i c  r e s p o n s e s  were due t o  an u n e q u a l  
s u p p l y  of  t h e s e  s u b s t a n c e s  i n  t h e  r e a c t i n g  z o n e .
The most e x t e n s i v e  work,  l e a d i n g  to  t h e  f o r m u l a t i o n  
o f  t h e  t h e o r y  o f  g e o t ro p i s m  which  has  become a lm os t  
u n i v e r s a l l y  a c c e p t e d ,  was done by Cholodny and Went,
Working o n ‘d e c a p i t a t e d  r o o t s  end h y p o c o t y l s , dho lodny  
(1926)  was a b l e  to  co n c lu d e  t h e  f o l l o w i n g
1) Growth hormones pla^r an e s s e n t i a l  r o l e  i n  t h e  mechanism 
o f  t h e  g e o t r o p i c  r e a c t i o n ,
2)  In  v e r t i c a l  r o o t s  and s te m s ,  t h e  growth r e g u l a t i n g  
s u b s t a n c e s  a r e  e q u a l l y  d i s t r i b u t e d  on a l l  s i d e s ,
3) t h e n  p l a c e d  h o r i z o n t a l ,  im m e d ia te ly  t h e  normal 
d i f f u s i o n  o f  t h e  hormones i s  d i s t u r b e d  - -  t h e  upper  and 
lower c o r t i c a l  c e l l s  now o b t a i n  d i f f e r e n t  amounts o f  t h e  
s u b s t a n c e s .  The u n e q u a l  d i s t r i b u t i o n  i s  due t o  a 
p h y s i o l o g i c a l  p o l a r i t y  in d u c ed  by g r a v i t y .
4)  The o p p o s i t e  r e a c t i o n s  of  r o o t  and shoo t  f i t  i n  w i th  
t h e i r  o p p o s i t e  r e a c t i o n s  t o  t h e  g row th  hormones coming 
f ro m  t h e i i  t i p s .
In 1926, Went a l s o  p u b l ished ,  h i s  f i n d i n g s : -  
" G e o t ro p ic  p e r c e p t i o n  i s  cau sed  by a  p o l a r  a l t e r a t i o n  
i n  t h e  c o l e o p t i l e  c e l l s  - -  i n s t e a d  o f  moving r e c t i l i n e a r l y  
t h e  grovrth r e g u l a t o r s  a r e  more s t r o n g l y  conveyed tow ards  
t h a t  s i d e  which under  g e o t r o p i c  s t i m u l a t i o n  was t u r n e d  
doimwardsU Went e x p e r im e n te d  w i t h  t h e  Avena c o l e o p t i l e .  
F o l lo w in g  t h i s  work came t h e  ^7ent Cholodny t h e o r y
i n  1929.  T h is  s t a t e d  t h a t  :-"Grovrth c u r v a t u r e s ,  w he the r  
i n d u c e d  by i n t e r n a l  o r  e x t e r n a l  f a c t o r s ,  a r e  due t o  an 
u n e q u a l  d i s t r i b u t i o n  o f  a u x i n  be tw een  t h e  two s i d e s  of  t h e  
c u r v i n g  o r g a n .  In  t h e  troiDisms in d u c e d  by l i g h t  and 
g r a v i t y ,  t h e  u n e q u a l  a u x in  d i s t r i b u t i o n  i s  b r o u g h t  abou t  
by  a t r a n s v e r s e  p o l a r i s a t i o n  o f  t h e  c e l l s  v.hich r e s u l t s  
i n  l a t e r a l  t r a n s p o r t  o f  t h e  auxinV (Q,uoted f rom  Vent and 
Thimann, 1937 ) .
P i s e k  (1 9 2 9 ) ,  K e e b le ,  N e lso n  a n d ‘Snow ( 1 9 2 9 ,3 1 ) ,
DoIk (1930)  and Hawker (1933)  c o n t i n u e d  t h e  work of  
Cholodny and added f u r t h e r  p r o o f  t o  t h e  v a l i d i t y  of  t h e  
a u x in  t h e o r y  of  g e o t r o p i s m .  Cholodny ( 1 9 2 9 ,3 0 )  a l s o  fou n d  
t h a t  t h e  g e o t r o p i c  r e a c t i o n  was n o t  a s s o c i a t e d  w i th  any 
change i n  t h e  p r o d u c t i o n  o f  g row th  hormone and t h a t  
g e o t r o p i c  c u r v a t u r e  e x e r t e d  no i n f l u e n c e  on t h e  o v e r a l l  
grovrth r a t e  o f  t h e  o r g a n .  These f a c t s  were c o n f i rm e d  by 
Dolk (1930)  and DIjkman (lO.'HÇ^.
R e s e a r c h  i n t o  t h e  g e o t r o p i s m  o f  r o o t s  h a s  n o t  p roved  
as c o n c l u s i v e  as t h a t  done on o t h e r  p l a n t  o r g a n s .
Workers h ave  t e n d e d  t o  c o n c e n t r a t e  more on h y p o c o t y l s , 
c o l e o p t i l e s  and s h o o t s .  With  r e g a r d  t o  t h e  g e o t r o p i s m  
o f  r o o t s ,  t h e  f a c t s  a r e  p a r t l y  i n  d i s p u t e ,  ‘'■/hereas 
Cholodny (1924)  and K e e b le ,N e l s o n  and Snow ( 1931 ) .c la imSd 
t h a t  a u x in  was n e c e s s a r y  f o r  t h e  r e s p o n s e  o f  t h e  r o o t  t o  
g r a v i t y ,  F i e d l e r  (1936)  and White  (1934) c la im e d  t h a t  i t  
was u n n e c e s s a r y .  F i e d l e r  grew i s o l a t e d  r o o t s  i n  c u l t u r e  
s o l u t i o n  and fo u n d  t h a t  w h i l s t  t h e y  a p p e a re d  t o  c o n t a i n
no a u x i n ,  nor  t o  p ro d u ce  any ,  t h e y  c o u ld  c u rv e  g e o t r o p i c a l l y .  
On t h e  o t h e r  h a n d ,  van Overheek (1939)  h a s  more r e c e n t l y  
shovm t h a t  t h e  3 4 th  s u b c u l t u r e  o f  r o o t  t i p s  o f  peas  s t i l l  
c o n t a i n e d  a u x i n .
Workers have  t r i e d  t o  c o r r e l a t e  t h e  amount o f  g row th  
s u b s t a n c e  i n  t h e  upper  and lower h a l v e s  o f  t h e  g e o t r o p ­
i c  a l l y  s t i m u l a t e d  r o o t  w i t h  t h e  amount o f  gro\\rth v/hich 
t o o k  p l a c e  d u r i n g  c u r v a t u r e .  The f o l l o w i n g  r e s u l t s
c o n s t i t u t e  t h e  e v id e n c e  Otn which  i s  based  t h e  t h e o r y  t h a t
ad i f f e r e n t i a l  d i s t r i b u t i o n  of  t h e  hormone i n ^ h o r i z o n t a l  
r o o t '  c a u s e s  t h e  d i f f e r e n t i a l  grovrth of  t h e  two s i d e s  so 
t h a t  t h e  r o o t s  cu rves  downwards. The Went Avena c u r v a t u r e  
t e s t  was u sed  t o  a s s a y  t h e  amount of  grovrth hormone 
v h i c h  had  d i f f u s e d  i n t o  ag a r  b lo c k s  f ro m  t h e  u pper  and 
lower h a l v e s  of  t h e  r o o t  t i o s .
Sour c e . % hormone d i f f u s i n g  f rom
( g e o t r o p i c a l l y  s t i m u l a t e d )  Upper s i d e  low er  s i d e 
Root  t i p s  o f  V i c i a  F a b a .
(Boysen J e n s en ,  1 9 3 3 . 3 7  .  ................... 63
Root t i p s  o f  Zea mays.
(Hawker,  1 9 3 2 ) ................................................2 5 ........... ............. 7 5
Root  t i p s  o f  V ic ia ,  Fab a .
(Boysen J e n s e n ,  1936)
4 mm. t i p s ...............   . 4 1 ........................ 59
10 mm. t i p s ...................4 6 . ............... . , , . 5 4
Boys en J e n s e n  s t a t e d  tha , t  t h e  r a t i o  4 6 :5 4  f o r  t h e  10 mm.
t i p s  o f  V i c i a  F ab a  wa,s i n  e x a c t  ag reem en t  w i th  t h e  r a , t i o
o f  g row th  on t h e  two s i d e s  o f  t h e  r o o t .  But,  t h e  above
r a t i o s  g iv e  no i n d i c a t i o n  o f  t h e  a c t u a l  c o n c e n t r a t i o n  of
hormone w i t h i n  t h e  r o o t  and no f u r t h e r  work h a s  been done 
on t h e  s u b j e c t  on a  more qu an t  i t  active b a s i s .
The f o l l o w i n g  e x p l a n a t i o n  o f  g e o t r o p i s m  was g iv e n  
by  S od in g  as r e c e n t l y  as 1 9 5 2 ; -
Grovrbh
M --norm al  c o n c e n t r a t i o n  i n
r o o t .
0 —u p p er  s i d e ] c o n c e n t r a t i o n  I i n  g e o -  
U—u nder  s i d e j s t i m u l a t e d  
J r o o t .
Grox^rth hormone- c o n c e n t r a t i o n  i n  r o o t .
He c l a im e d  t h a t  d u r in g  g e o t r o p i c  s t i m u l a t i o n  a  r e d i s t r i b u t i o n  
o f  hormone o c c u r r e d .  The c o n c e n t r a t i o n  on t h e  upper  s i d e  
of  t h e  r o o t  d e c r e a s e d ,  r e s u l t i n g  i n  i n c r e a s e d  g ro w th ,  
x vh i ls t  t h e  c o n c e n t r a t i o n  on t h e  lower s i d e  i n c r e a s e d ,  
r e s u l t i n g  i n  d e c r e a s e d  g ro w th .  The r a n g e  o f  c o n c e n t r a t i o n s  
o ve r  xvhich t h e  r e a c t i o n  t o o k  p l a c e  was a g a i n  n o t  d e f i n e d ,  
a l t h o u g h  an a s s u m p t io n  xvas made t h a t  t h e  no rm al  co ncen ­
t r a t i o n  i n  t h e  r o o t  was i n h i b i t o r y .
R u f e l t  (1954) i n v e s t i g a t e d  t h e  e f f e c t  o f  t r e a t m e n t  
x^rith an a u x i n ,  p i n d o l e  a c e t i c  a c i d  ( I . A . A . )  and an 
a n t i - a u x i n ,  oc-p -ch lo ro p h en o x y  i s o b u t y r i c  a c i d  ( P . C . I . B . )  
on t h e  g e o t r o p i c  r e a c t i o n  and p r e s e h t a t i o n  t im es  o f  f l a x  
and xdieat r o o t s .  He found  th a . t  an i n h i b i t o r y  c o n c e n t r a t i o n  
o f  I .A .A .  c a u s e d  p r o l o n g a t i o n  o f  b o th  r e a c t i o n  and 
p r e s e n t a t i o n  t i m e s .  The i n f l u e n c e  o f  I .A .A .  on th e  
g e o t r o p i c  r e a c t i o n  o c c u r r e d  i n  t h e  same c o n c e n t r a t i o n
r a n g e  as t h e  i n f l u e n c e  on r o o t  e l o n g a t i o n .  He, t h e r e f o r e  
c o n c lu d e d  t h a t  t h e  s im u l t a n e o u s  a p p e a ra n c e  o f  g row th  
i n h i b i t i o n  and p r o l o n g a t i o n  o f  g e o t r o p i c  r e a c t i o n  t im e  
made i t  p o s s i b l e  t h a t  t h e  l a t t e r  was due t o  an i n f l u e n c e  
on c e l l  e l o n g a t i o n  and t h a t  I ,A .A .  was more l i k e l y  t o  
h av e  an i n f l u e n c e  on t h e  g e o t r o p i c  r e a c t i o n  t h a n  on g e o ­
t r o p i c  p e r c e p t i o n .  S im u l t a n e o u s  t r e a t m e n t  w i th  P . C . I . B .  
and an i n h i b i t o r y  c o n c e n t r a t i o n  o f  I .A .A .  r e s u l t e d  i n  a 
d e c r e a s e  i n  t h e  r e a c t i o n  t im e  compared w i t h  t h a t  found  
i n  t h e  same c o n c e n t r a t i o n  o f  I .A .A .  u s e d  a l o n e .  From 
t h e s e  r e s u l t s  h e  p o s t u l a t e d  t h a t  t h e  two s u b s t a n c e s  
a f f e c t e d  two d i f f e r e n t  p r o c e s s e s  i n  t h e  r p o t  which  
o c c u r r e d  a t  t h e  same t i m e .  When added t o g e t h e r ,  t h e  
e f f e c t  o f  P . C . I . B .  was s t r o n g e r  t h a n  t h a t  o f  t h e  i n h i b i t o r y  
c o n c e n t r a t i o n  o f  I .A .A .  and r e s u l t e d  i n  a  d e c r e a s e d  
r e a c t i o n  t i m e .  Once t h e  e f f e c t s  o f  I .A .A .  and P . C . I . B .  
on t h e  r e a c t i o n  and p r e s e n t a t i o n  t im e s  h a d  been  d e te rm in e d  
t h e  e x p e r im e n ts  were d i s c o n t i n u e d .  The e f f e c t s  o f  t h e s e  
s u b s t a n c e s  on t h e  d eg ree  o f  c u r v a t u r e  and grov/th  d u r in g  
t h e  g e o t r o p i c  r e a c t i o n  were n o t  o b s e r v e d .  In  t h e  p r e s e n t  
r e s e a r c h ,  t h e  whole g e o t r o p i c  r e a c t i o n  wa.s s t u d i e d  i n  
d e t a i l ,  b o t h  i n  norm al  r o o t s  and i n  r o o t s  t r e a t e d  xvith 
hormones and an a n t i - a u x i n .  R e s u l t s  o b t a i n e d  i n  t h i s  
r e s e a r c h  s h o u ld ,  t h e r e f o r e ,  c o n t r i b u t e  tow ards  fo rm ing  
a  more com p le te  b a s i c  f o u n d a t i o n  f o r  t h e o r i e s  o f  t h e  
mechanism o f  g e o t r o p i s m .
A l l  e v id e n c e  i s  n o t  i n  f a v o u r  of  t h e  a u x in  t h e o r y
o f  g e o t r o p i s m .  Thus,  van  Overbeek and h i s  c o -w o rk e rs  
(1945)  fo u n d  t h a t ,  w h i l s t  a u x in  r e d i s t r i b u t i o n  seemed to  
o ccu r  i n  t h e  g e o t r o p i c a l l y  s t i m u l a t e d  bean h y p o c o t y l ,  no 
s u c h  u n i l a t e r a l  d i s t r i b u t i o n  was d e t e c t a b l e  i n  t h e  nodes 
o f  s u g a r  c a n e ,  a l t h o u g h  a  s t r o n g  g e o t r o p i c  r e s p n n s e  
o c c u r r e d .  In  8 i n a p i s  a l b u s  r o o t s ,  Younis (1950)  
e s t a b l i s h e d ,  i n  agreem en t  w i t h  e a r l i e r  w o rk e r s ,  t h a t  t h e  
d e c a p i t a t e d  r o o t s  d id  n o t  r e s p o n d  t o  g r a v i t a t i o n a l  
s t imulant  io n  ; b u t ,  i f  t h e  t i p s  were r e p l a c e d  t h e  r o o t s  s t i l l  
f a i l e d  t o  bend .  This  l a t t e r  d i s c o v e r y  was i n  e x a c t  
o p p o s i t i o n  t o  a l l  p r e v i o u s  work on t h e  s u b j e c t .  Younis 
a l s o  fo u n d  t h a t  90° t o  t h e  v e r t i c a l  was n o t  t h e  p l a n e  of  
maximum s t i m u l a t i o n  as would be e x p e c te d  i f  a  s im p le  
r e d i s t r i b u t i o n  o f  a u x in  t o o k  p l a c e ,  r e s u l t i n g  i n  a  much 
i n c r e a s e d  c o n c e n t r a t i o n  on t h e  lower s i d e  o f  t h e  r o o t .
The aim of  t h e  p r e s e n t  r e s e a r c h  was t o  t r y  t o  
d e f i n e  more a c c u r a t e l y  t h e  r e l a t i o n s h i p  between  grovrth 
and t h e  a u x i n ( I .A .A .  ) c o n t e n t  o f  t h e  r o o t  d u r in g  t h e  
g e o t r o p i c  r e a c t i o n .  G e o t ro p ic  r e a c t i o n s  o f  P isum s a t iv u m  
v a r .  Meteor  were  r e c o r d e d  p h o t o g r a p h i c a l l y  t o  e n a b le  t h e  
d e t a i l e d  g ro w th  o f  t h e  u p p e r  and loxver s i d e s  o f  t h e  r o o t s  
t o  fee follox\red. S u b seq u e n t  t o  g r a v i t a t i o n a l  s t i m u l a t i o n ,  
t h e  r o o t s  were r o t a t e d  h o r i z o n t a l l y  on t h e  k l i n o a t a t .  
Throughou t  t h e  work,  t h e  g e o t r o p i s m  of  whole r o o t s  s t i l l  
a t t a c h e d  t o  t h e i r  c o t y l e d o n s  was s t u d i e d .  The d e c a p i t a t i o n  
o r  o t h e r  m u t i l a t i o n  o f  r o o t s  by p r e v i o u s  w orke rs  i n v e s t ­
i g a t i n g  t h e  g e o t r o p i c  r e a c t i o n  irust  have  r e s u l t e d  i n  v e r y
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abnorm a l  c o n d i t i o n s  i n  t h e  r o o t s .
T here  i s  c o n s i d e r a b l e  e v id e n c e  t h a t  I .A .A .  i s  t h e
a u x in  p r e s e n t  i n  t h e  r o o t s  o f  P isum  s a t i v u m .  (N ag as ,1 9 3 6 ;
\
L a r s e n ,  1 9 4 4 ,5 0 ,5 1  ; V/agenlcnecht and Burr i s ,  1950;  B enne t-  
G la r k  and K e f f o r d ,  1953 ) .  T h e r e f o r e  a  method was d e v i s e d  
w hereby  t h e  I  .A.A. c o n c e n t r a t i o n s  o f  t h e  r e a c t i n g  zone 
o f  t h e  r o o t  c o u l d  be e s t i m a t e d  a t  v a r i o u s  s t a g e s  d u r in g  
t h e  c u r v a t u r e  p r o c e s s .  A s t u d y  was made o f  t h e  growth  o f  
n o n - g e o t r o p i c a l l y  s t i m u l a t e d  whole r o o t s  r o t a t e d  h o r i ­
z o n t a l l y  i n  I .A .A .  s o l u t i o n s  r a n g i n g  f ro m  i n h i b i t o r y  to  
s t i m u l a t o r y  c o n c e n t r a t i o n s .  These r e s u l t s  showed th e  
g row th  r a t e  which  o c c ü f r e d  i n  a  r o o t  f rom  t h e  a p p l i c a t i o n  
o f  anjr known c o n c e n t r a t i o n  o f  I  .A.A. In  a l l  g e o t r o p i c  
e x p e r i m e n t s ,  t h e  g row th  r a t e s  o f  u p p e r  and lower  s i d e s  of  
t h e  r o o t s  were m easu red  a t  v a r i o u s  s t a g e s  d u r in g  c u r v a t u r e .  
Each  of  t h e s e  g row th  r a t e s  was t h e n  c o r r e l a t e d  w i t h  t h e  
I .A .A .  c o n c e n t r a t i o n  whose e x t e r n a l  a p p l i c a t i o n  was known 
t o  c a u s e  s u c h  a  g row th  r a t e  i n  u n s t i m u l a t e d  r o o t s .  The 
a c t u a l  I .A .A .  c o n c e n t r a t i o n s  w i t h i n  t h e  u n s t i m u l a t e d  
r o o t s  q u i t e  p r o b a b l y  d i f f e r e d  to  some e x t e n t  f ro m  t h e  
knovm e x t e r n a l  c o n c e n t r a t i o n , ( s e e  page 8% f o r  d e t a i l e d  
d i s c u s s i o n ) .  T h e r e f o r e  i t  must be em phasized  t h a t  t h e  
I .A .A .  c o n c e n t r a t i o n s  c a l c u l a t e d  to  occu r  i n  g e o t r o p i c a l l y  
s t i m u l a t e d  r o o t s  were p u r e l y  t h e o r e t i c a l ,  b u t  i t  was 
th o u g h t  t h a t  t h e y  s h o u ld  a t  l e a s t  g iv e  some i n d i c a t i o n  
o f  t h e  wa,y i n  which  I  .A.A. c o n c e n t r a t i o n  changes  m ight  
occur  i n  t h e  r o o t s  and f ro m  t h e i r  v a l u e s  i t  s h o u ld  be
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p o s s i b l e  to  d e c id e  w h e th e r  changes  of  t h e  tjpje and 
d e g r e e  c a l c u l a t e d  c o u ld  t a k e  p l a c e  a f t e r  g e o t r o p i c  s t i m ­
ulant i o n .
The e f f e c t  on t h e  g e o t r o p i c  r e a c t i o n  of  e x t e r n a l l y  
a p p l i e d  I .A .A .  c o n c e n t r a t i o n s  was i n v e s t i g a t e d  t o  d i s c o v e r  
w h e th e r  added a u x in  m o d i f i e d  t h e  r e a c t i o n  i n  anjr x-ray.
2 , 4 - I> ich lo ro p h en o x y  a c e t i c  a c i d  (2,4-D-} was a l s o  u s e d  to  
d e t e r m in e  what e f f e c t  d i f f e r e n t  c o n c e n t r a t i o n s  o f  a  
s y n t h e t i c  g row th  hormone had  on th e  r e a c t i o n .
F i n a l l y ,  t h e  g e o t r o p i c  r e a c t i o n s  o f  r o o t s  t r e a t e d  
w i th  an a n t i - a u x i n  were s t u d i e d .  The a n t i - a u x i n  u s e d  was 
o c - ( l - n a p h t h y l m e t h ^ r l s u l p h i d e ) - p r o p i o n i c  a c i d .  I t  was 
u s e d  a t  c o n c e n t r a t i o n s  w h ich  were knowm, f rom  p r e l i m i n a r y  
s t u d i e s  of r o o t  s e c t i o n  growrth, to  c o m p l e t e l y  a n t a g o n i s e  
t h e  e f f e c t  o f  a  s i m u l t a n e o u s l y  a p p l i e d  i n h i b i t o r y  I .A .A .  
c o n c e n t r a t i o n .  This  i n h i b i t o r y  I .A .A .  c o n c e n t r a t i o n  was 
e q u a l  t o ,  or g r e a t e r  t h a n ,  any  t h e o r e t i c a l  I .A .A ,  c o n c ­
e n t r a t i o n  e s t i m a t e d  to  o ccu r  i n  a  norm al  r o o t  d u r in g  
g e o t ro 'o i c  c u r v a t u r e .  T h e r e f o r e ,  t h e  a p p l i c a t i o n  of  t i e  
a n t i - a u x i n  to  r o o t s  which  were  s u b s e q u e n t l y  s u b j e c t e d  to  
u n i l a t e r a l  g r a v i t a t i o n a l  s t i m u l a t i o n  s h o u ld  show how 
a  r e d u c t i o n  i n  t h e  I .A .A .  c o n t e n t  o f  t h e  r o o t s  a f f e c t e d  
g row th  and c u r v a t u r e  and thuw p ro v e  x h e t h e r  I  .A.A. was 
n e c e s s a r y  f o r  g e o t r o p i s m .
The r e s u l t s  o f  a l l  t h e s e  e x p e r im e n ts  were u sed  to  
c o n s i d e r  t h e  r o l e  o f  I .A .A .  i n  geotT^opi^m — w hethe r  
I .A .A .  c o u ld  be s o l e l y  r e s p o n s i b l e  f o r  t h e  i n i t i a t i o n  o f
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t h e  r e a c t i o n  o r  w h e th e r  i t s  p r e s e n c e  and c o n c e n t r a t i o n  
i n f l u e n c e d  th e  d e g re e  of  t h e  g-^owth r e s p o n s e  x h i c h  had  
been  s t a r t e d  hy  some o t h e r  s y s t e m ,  or  s y s t e m s ,  r e s p o n s i v e  
t o  t h e  s t i m u l u s  o f  g r a v i t y .
T hroughou t  t h e  t h e s i s  "a u x in "  r e f e r s  t o  p i n d o l e  




P r i o r  to  t h e  main g e o t r o p i c  e x p e r i m e n t s ,  a  l a r g e  
number o f  e x p e r im e n t s  were c a r r i e d  o u t  to  i n v e s t i g a t e  t h e  
a c t i o n  o f  g row th  hormones on p e a  r o o t  s e c t i o n s .  The 
s e c t i o n s  were c u t  f ro m  t h e  zone i n  which  e l o n g a t i o n  
t a k e s  p l a c e ,  j u s t  b eh in d  t h e  r o o t  m e r i s t e m .  I t  i s  i n  
t h i s  r e g i o n  t h a t  g e o t r o p i c  c u r v a t u r e  o c c u r s ,  t h e r e f o r e ,  
by  s t u d y i n g  t h e  groxHh e f f e c t s  o f  d i f f e r e n t  c o n c e n t r a t i o n s  
o f  I .A .A .  s o l u t i o n  on t h e s e  e l o n g a t i n g  c e l l s  i t  s h o u ld  be 
p o s s i b l e  to  p r e d i c t ,  f ro m  t h e  g ro w th  o f  t h e  whole r o o t  
d u r in g  t h e  g e o t r o p i c  r e a c t i o n ,  t h e  I .A .A .  c o n c e n t r a t i o n s  
p r e s e n t  i n  th e  r o o t  a t  v a r i o u s  s t a g e s  of  c u r v a t u r e ,  
assum ing  l )  t h a t  t h e  same I .A .A .  c o n c e n t r a t i o n  i s  
r e s p o n s i b l e  f o r  t h e  same amount o f  g ro w th  i n  whole r o o t s  
and r o o t  s e c t i o n s ,  and
2)  t h a t ' I . A . A .  i s  t h e  hormone c o n c e rn e d  w i th  
p ea  r o o t  g ro w th .
From t h e  g row th  e f f e c t s  o f  d i f f e r e n t  c o n c e n t r a t i o n s  of
2 ,4 - D .  on c e l l  e l o n g a t i o n ,  a  s t u d y  o f  g ro w th  d u r in g  
g e o t r o p i c  c u r v a t u r e  o f  whole r o o t s  t r e a t e d  w i t h  2 ,4 -D .  
s h o u ld  show, p o s s i b l y ,  w h e th e r  t h e  g ro w th  r e a c t i o n  i s  due 
to  t h e  e f f e c t s  o f  an u n e q u a l  d i s t r i b u t i o n  o f  t h e  s y n t h e t i c  
hormone oii w h e th e r  t h e  s y n t h e t i c  hormone i s  d i s t r i b u t e d  
u n l f o r m a l l y  t h r o u g h  t h e  r o o t ,  i n c r e a s i n g  t h e  hormone 
c o n t e n t  o f  t h e  u pper  and low er  h a l v e s  of  t h e  h o r i z o n t a l  
r o o t  by  an e q u a l  amount.
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The o r i g i n a l  g u i l l o t i n e  u s e d  t o  c u t  t h e  r o o t  s e c t i o n s  
was t h a t  d e s c r i b e d  by G a r r a r d  ( 1 9 5 1 ) .  The P e r s p e x  b a s e  
o f  t h i s  a p p a r a t u s  was u s e d  t h r o u g h o u t  t h e  e x p e r i m e n t s  y 
( s e e  f i g u r e s  1 , 2  and 3 ) .  The c u t t e r  i t s e l f  wa,s m o d i f i e d  
and s i m p l i f i e d , ( s e e  f i g u r e s  4 and 5 ) .  Two lo n g  Duplex  
r a z o r  b l a d e s  were s e p a r a t e d  by  a  p i e c e  o f  P e r s p e x ,  so  
t h a t  t h e y  were  2 mm. a p a r t .  They w ere  h e l d  i n  p o s i t i o n  
by a  p i e c e  o f  a lum in ium  a l l o y  b o l t e d  on ea ch  s i d e  o f  
them . The b o l t s  went r i g h t  t h r o u g h  t h e  c e n t r a l  s l i t s  
i n  t h e  b la ,des  and t t a o u g h  t h e  P e r s p e x .  A n u t  was f i x e d  
a t  e a ch  end o f  e a c h  b o l t  t o  h o l d  t h e  c u t t e r  r i g i d .
The s i d e  p i e c e s  o f  a lum in ium  a l l o y  w ere  c u t  t o  s u c h  a  
s i z e  t h a t  when t h e  c u t t e r  was u s e d ,  t h e  d e p t h  o f  t h e  
p r o t r u d i n g  b l a d e s  s l i c e d  t h e  r o o t s ,  b u t  c o u l d  n o t  be 
p u sh e d  f u r t h e r  down o n to  t h e  m e t a l  b a s e  and become 
b l u n t e d ^ b e c a u s e  t h e  s i d e  p i e c e s  came i n t o  c o n t a c t  w i t h  
"a"  and "b" o f  t h e  b a s e .  The c u t t i n g  edges  o f  one s i d e  
o f  t h e  c u t t e r  were  v a s e l i n e d  o v e r  t o  p r e v e n t  r u s t i n g  
and t h e  o t h e r  two c u t t i n g  edges  were  u s e d  u n t i l  t h e y  
became b l u n t e d .  Then, t h e  v a s e l i n e  was removed and t h e  
two new edges  washed i n  a l c o h o l  r e a d y  f o r  u s e .  Thus 
t h e  two s e t s  o f  c u t t i n g  edges  c o u l d  be u s e d  w i t h o u t  
t a k i n g  t h e  c u t t e r  t o  p i e c e s .
Vben t h e  g u i l l o t i n e  was u s e d  t h e  t e c h n i q u e  was 
as  f o l l o w s : -  P eas  were  s o a k e d  f o r  one day  i n  r u n n i n g
15
t a p  w a te r  and t h e n  grovm  f o r  two days i n  m o i s t  s a n d  i n  
t h e  d a r k  a t  25°C. (P isum  s a t i v u m  v a r .  M eteor  was s u p p l i e d  
b y  S u t t o n  and  S o n s ,  R e a d i n g ) .  R o o t s  were  s e l e c t e d  w hich  
w ere  a b o u t  4 . 5  cm. l o n g .  E ach  r o o t  was c u t  o f f  n e a r  t h e  
c o t y l e d o n s ,  w ashed  i n  g la .ss  d i s t i l l e d  w a t e r  and  t h r e a d e d  
t h r o u g h  a  h o l e  i n  "b" and t h e  c o r r e s p o n d i n g  h o l e  i n  " a ” 
i n  t h e  b a s e  o f  t h e  c u t t e r , ( s e e  f i g u r e  2 ) .  T h i s  p r o c e d u r e  
was r e p e a t e d  u n t i l  t h e  b a s e  h a d  i t s  f u l l  complement o f  
t h i r t e e n  r o o t s .  A l l  t h e  r o o t s  f a c e d  t h e  same way# A 
p i e c e  o f  P e r s p e x  "c"  was b r o u g h t  up to  t h e  r o o t  t i p s  
and t h e y  were  p u s h e d  b ac k  u n t i l  t h e y  l a y  f l u s h  w i t h  t h e  
o u t e r  edge o f  P e r s p e x  " a " .  Then ,  t h e  b l a d e s  o f  t h e  
c u t t e r  w ere  b r o u g h t  down b e tw een  t h e  two p i e c e s  o f  P e r s p e x  
"a"  and " b " ,  a t  r i g h t  a n g l e s  t o  t h e  b a s e ,  t h u s  s l i c i n g  
a  2mm. s e c t i o n  o u t  o f  e a c h  r o o t  a t  a  d i s t a n c e  o f  a p p r o x ­
i m a t e l y  2 mm. b e h in d  t h e  r o o t  t i p .  These  s e c t i o n s  were 
p l a c e d  on f i l t e r  p a p e r  m o i s t e n e d  w i t h  .5% s u c r o s e  
s o l u t i o n ,  i n  a  P e t r i  d i s h .  The o p e r a t i o n  was r e p e a t e d  
u n t i l  more t h a n  t h e  r e q u i r e d  number o f  s e c t i o n s  h ad  
been  c u t .  The r e g i o n  f ro m  w h ich  t h e  s e c t i o n s  w ere  c u t  
h a d  been  d e t e r m i n e d  b y  G a r r a r d  and was t h a t  i n  w h ich  
s u b s e q u e n t  maximum e l o n g a t i o n  o f  t h e  c e l l s  c o u ld  be 
e x p e c t e d ,  u n d e r  t h e  r i g h t  c o n d i t i o n s ,  w i t h o u t  any  c e l l  
d i v i s i o n  t a k i n g  p l a c e ,  s i n c e  a l l  m e r i s t e m a t i c  t i s s u e  h ad  
been  c u t  o f f .
The a p p a r a t u s  u s e d  f o r  s t u d y i n g  t h e  g ro w th  o f  t h e  
s e c t i o n s  i s  shown i n  f i g u r e  6 .  A " h o r s e s h o e "  o f  g l a s s




r o d  was p l a c e d  i n  a  P e t r i  dish, and  c o v e re d  w i t h  a  
r e c t a n g l e  o f  f i l t e r  p a p e r .  10 c e s .  o f  t h e  r e q u i r e d  
s o l u t i o n  o f  ho rm one ,  made up i n  .5 ^  s u c r o s e  s o l u t i o n ,  were 
p i p e t t e d  i n t o  t h e  d i s h .  The s u c r o s e  c o n c e n t r a t i o n  u s e d  
h a d  b een  d e t e r m i n e d  by  G a r r a r d ,  b u t  t h e  method o f  g row ing  
t h e  s e c t i o n s  was a  new t e c h n i q u e .  The ends  o f  t h e  f i l t e r  
p a p e r  d i p p e d  i n t o  t h e  s o l u t i o n ,  a c t i n g  as  a  w ick  and 
s u p p l y i n g  t h e  s e c t i o n s  w h ich  were  l a i d  on t h e  p a p e r .
U s in g  t h i s  m e thod ,  t h e  s e c t i o n s  r e c e i v e d  a  good s u p p l y  
o f  s o l u t i o n  as w e l l  a s  maximum a e r a t i o n .  A random sajmple 
o f  i e n  s e c t i o n s ,  t a k e n  f ro m  t h e t t o t à l  number c u t ,  were 
u s e d  i n  e a c h  P e t r i  d i s h .  C o n t r o l  s e c t i o n s  were grown i n  
g l a s s  d i s t i l l e d  w a te r  p l u s  .5% s u c r o s e  a l o n e .
B e fo r e  p l a c i n g  t h e  t e n  s e c t i o n s  i n  t h e  d i s h ,  t h e y  
w ere  e a c h  g e n t l y  b l o t t e d  w i t h  f i l t e r  p a p e r  and  c o l l e c t i v e l y  
w e ig h e d  on a  m i c r o t o r s i o n  b a l a n c e  r e a d i n g  t o  . 1  ragm..
T h is  o p e r a t i o n  t o o k  o n l y  j u s t  o v e r  30 s e c o n d s  and  t h e  
s e c t i o n s  were  t h e n  p l a c e d  on t h e  f i l t e r  p a p e r  and  c o v e re d  
w i t h  t h e  l i d  o f  t h e  P e t r i  d i s h .  They w ere  i n c u b a t e d  a t  
28lC and  r e w e ig h e d  a t  s p e c i f i c  t im e  i n t e r v a l s  u n t i l  
g ro w th  c e a s e d .  The s p e e d  w i t h  w h ich  t h e  s e c t i o n s  c o u l d  
be w e ig h e d ,  u s i n g  t h e  t o r s i o n  b a l a n c e ,  e n s u r e d  t h a t  
l i t t l e  o r  no d r y i n g  o u t  t o o k  p l a c e .
S in c e  g ro w th  i n c r e a s e  was i n  l e n g t h  and n o t  w i d t h ,  
by  w e ig h in g  t h e  s e c t i o n s  an a c c u r a t e  c o m p a r a t iv e  m easure  
o f  t h e  g ro w th  e f f e c t s  o f  t h e  d i f f e r e n t  hormone s o l u t i o n s
was o b t a i n e d .
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P e t r i  d i s h e s  and " h o r s e s h o e s ” w ere  s o a k e d  i n  a l c o h o l ,  
w ashed  t h o r o u g h l y  and d r i e d  b e f o r e  use#  The s e d t i o n s  were 
n e v e r  t o u c h e d  by  han d  and t h e  f i l t e r  p a p e r  was p l a c e d  i n  
t h e  d i s h e s  w i t h  f o r c e p s .  These  p r e c a u t i o n s  l e s s e n e d  t h e  
l i k e l i h o o d  o f  i n f e c t i o n  o r  i n t r o d u c t i o n  o f  aby  f o r e i g n  
s u b s t a n o e .  They were  n e c e s s a r y  s i n c e  s u c h  low hormone 
c o n c e n t r a t i o n s  were u s e d .
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1 ) .  6 iroOEB ACETIC A C I D , ( I . A . A . )
S o l u t i o n s  o f  I .A .A .  w ere  made u p ,  a t  f i r s t ,  a s  t h e
s o d iu m  s a l t  b y  n e u t r a l i z i n g  w i t h  s o d iu m  h y d r o x i d e  s o l u t i o n .
L a t e r ,  s t o c k  s o l u t i o n s  w ere  made u p  b y  d i s s o l v i n g  t h e
c r y s t a l s  i n  a l c o h o l  and  t h e s e  s o l u t i o n s  w ere  d t o r e d  i n
t h e  r e f r i g e r a t o r .  T h e se  l a t t e r  s o l u t i o n s  w ere  f o u n d  t o
k ee p  much l o n g e r  and  a t  t h e  v e r y  low  d i l u t i o n s  a t  w h ich
t h e y  w ere  u s e d  t h e  a l c o h o l  h a d  no d i s c e r n i b l e  e f f e c t .
A number o f  r o o t  s e c t i o n  e x p e r i m e n t s  w ere  c a r r i e d
o u t  t o  d e t e r m i n e  t h e  r a n g e  o f  I . A . A .  c o n c e n t r a t i o n s  f ro m
t h o s e  c a u s i n g  grov/ th  m n h i b i t i o m  t o  t h o s e  c a u s i n g  g rov/ th
s t i m u l a t i o n .  R e s u l t s  h a v e  b ee n  p l o t t e d  on g r p p h  1 as
t o t a l  % i n c r e a s e  i n  f r e s h  w e i g h t  com pared  w i t h  c o n t r o l s ,
( .5% s u c r o s e  a l o n e ) ,  i n  e a c h  c a s e .  D e t a i l e d  r e s u l t s  a r e
g i v e n  i n  t h e  a p p e n d i x  on p a g e
Ilaximum s t i m u l a t i o n  o f  t h e  g r o w t h  o f  t h e  s e c t i o n s  
—4 —5
o c c u r r e d  a t  10 and  10 p . p . m . ( p a r t s  p e r  m i l l i o n )  I .A .A .
-6
Below t h e s e  c o n c e n t r a t i o n s  s t i m u l a t i o n  f e l l  o f f  a t  10 
p . p . m . .  Above t h e s e  c o n c e n t r a t i o n s  s t i m u l a t i o n  a g a i n  
d e c r e a s e d ,  g r o w th  r e a c h i n g  c o n t r o l  v a l u e  a t  a b o u t  
8x10 p . p . m .  I . A . A . . Above t h i s  c o n c e n t r a t i o n  g ro w th  
was a lw a y s  i n h i b i t e d ,  t h e  amount o f  i n h i b i t i o n  i n c r e a s i n g  
w i t h  i n c r e a s e d  c o n c e n t r a t i o n s  o f  I . A . A . .
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p K  p . . 4-DICI-ILOROPHEIjrOXY a c e t i c  a c i d .  ( 2 . 4 - D ) .
A number o f  e x p e r i m e n t s  w ere  c a r r i e d  o u t  u s i n g  t h e
ammonium s a l t  o f  2 ,4 -1 ) .  a t  c o n c e n t r a t i o n s  v a r y i n g  f ro m  
—6
1 t o  10 p . p . m .
The r e s u l t s  a r e  p l o t t e d  on g r a p h  2 a s  t o t a l  % 
i n c r e a s e  i n  f r e s h  w e i g h t  com pared  w i t h  c o n t r o l s .  D e t a i l e d  
r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  on p a g e  180.
The most  s t r i k i n g  f e a t u r e  o f  t h e s e  r e s u l t s  com pared  
w i t h  t h o s e  f o r  I . A . A .  i s  t h a t  a t  n o n e  o f  t h e  2 , 4 - D .  
c o n c e n t r a t i o n s ! . u s e d  was t h e r e  a  s i g n i f i c a n t  s t i m u l a t i o n
o f  g r o w t h .  The g r o w t h  o f  t h e  s e c t i o n s  r e a c h e d  c o n t r o l  
-4  -5 -S'
l e v e l  a t  10 A h o i  , 10 p . p . m . ,  b u t  t h e r e  was no c o n ­
s i s t e n t  s t i m u l a t i o n  o f  g r o w t h .  (The i m p l i c a t i o n s  w i l l  
be d i s c u s s e d  a f t e r  d e s c r i b i n g  g e o t r o p i c  e x p e r i m e n t s  w i t h
2 , 4 - D ) .
—4
Above 10 p . p . m .  g r o i f t h  d e c r e a s e d  w i t h  i n c r e a s i n g  
c o n c e n t r a t i o n s  o f  2 , 4 - D . .
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B ) .  AITTI-AUXIITS.
T h re e  compounds w h ic h  h a v e  b e e n  c l a i m e d  t o  p o s s e s s  
a n t i - a u x i n  a c t i v i t y  w ere  i n v e s t i g a t e d ,  u s i n g  t h e  p e a  
r o o t  s e c t i o n  t e c h n i q u e ,  t o  d i s c o v e r  t h e i r  e f f e c t  on c e l l  
e l o n g a t i o n .  E x p e r i m e n t s  w ere  done u s i n g  t h e s e  conipounds 
a l o n e  and  i n  c o m b i n a t i o n  w i t h  i n h i b i t o r y  c o n c e n t r a t i o n s  
o f  I . A . A .  o r  2 , 4 - D . . P r e v e n t i o n  o f  t h e  g r o w t h  i n h i b i t i o n  
n o r m a l l y  c a u s e d  by  t h e  a p p l i c a t i o n  o f  t h e s e  hormone 
c o n c e n t r a t i o n s  was t a k e n  as  t h e  c r i t e r i o n  f o r  a n t i - a u x i n  
a c t i v i t y .  Any compound f o u n d  t o  p o s s e s s  t h i s  p r o p e r t y  
was t h e n  u s e d  i n  g e o t r o p i c  e x p e r i m e n t s .
An a n t i - a u x i n  can  a n t a g o n i s e  t h e  a c t i o n  o f  horm ones  
o t h e r  t h a n  I . A . A . ,  (A b e rg ,1 9 5 0  and  p r e s e n t  r e s e a r c h ) .  
T h e r e f o r e ,  ‘i f  a  horm one i s  c o n c e r n e d  w i t h  t h e  d i f f e r e n t i a l  
grovf th  w h ic h  o c c u r s  d u r i n g  t h e  g e o t r o p i c  r e a c t i o n ,  a d d i t i o n  
o f  an a n t i - a u x i n  s h o u l d  m o d i f y  t h e  r e a c t i o n  c o n s i d e r a b l y .  
The u s e  o f  an a n t i - a u x i n  w i l l  n o t  show w h e th e r  I . A . A . , 
s p e c i f i c a l l y ,  i s  c o n c e r n e d  w i t h  t h e  g e o t r o p i c  r e a c t i o n ,  
b u t  t h e  m o d i f i c a t i o n s  i n  t h e  r e a c t i o n  c a u s e d  b y  i t s  
a p p l i c a t m o n  s h o u l d  i n d i c a t e  w h e th e r  a  horm one p l a y s  any  
p a r t  i n  g e o t r o p i s m .  T hus ,  i f  a l l  gro^rbh, r e s u l t i n g  i n  
g e o t r o p i c  c u r v a t u r e ,  d ep e n d s  on t h e  horm one c o n c e n t r a t i o n  
p r e s e n t  i n  t h e  r o o t ,  c o m p le t e  a n t a g o n i s m  o f  a l l  t h e  
horm one w i l l  p r e s u m a b l y  r e s u l t  i n  no g r o w th  and  no 
c u r v a t u r e .  P a r t i a l  a n t a g o n i s m  S h o u ld  r e s u l t  i n  a  d e c ­
r e a s e d  c u r v a t u r e ,  s i n c e  t h e r e  w i l l  be l e s s  hormone on
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t h e  lo w er  s i d e  o f  t h e  r o o t  an d  t h e r e f o r e  H e s s ’. i n h i b i t i o n  
on t h i s  s i d e .
1 )  m i E I G  )
I ' l a l e i c  h y d r a z i d e  was r e p o r t e d  b y  L e o p o ld  and  K l e i n
(1952^  t o  be an  a n t i - a u x i n  i n  p l a n t s .  Burnerous e x p e r i m e n t s
w ere  t h e r e f o r e  c a r r i e d  o u t  t o  i n v e s t i g a t e  t h i s  a n t i - a u x i n
a c t i v i t y ,  u s i n g  p e a  r o o t  s e c t i o n s .  l i a l e i c  h y d r a z i d e
was u s e d  w i t h e v a r i o u s  c o n c e n t r a t i o n s  i f  I . A . A .  and  2 , 4 - L ,
and  t h e  s o l u t i o n s  were  u s e d  b u f f e r e d  and  u n b u f f e r e d .
RESULTS (Summary)
—2
1 )  5x10 o . p . m .  2 . 4 - L .  p l u s  5 0 0 . 1 0 0 . 5 0 . 1 0  p . p . m .  M.H.
A l l  c o m b i n a t i o n s  o f  2 , 4 - L .  p l u s  M.H.
M.H. d i d  n o t  p r e v e n t  2 , 4 - L .  g r o w th  i n h i b i t i o n .
—2 —2 —1 —2
2 )  5x10 . 10 p . p . m .  2 . 4 - L .  p l u s  10.X?1Q . 1 0  n .P .m .M .H .
A l l  c o m b i n a t i o n s  o f  2 , 4 - L .  p l u s  M.H.
M.H. d i d  n o t  p r e v e n t  2 , 4 - L .  g ro w t h  i n h i b i t i o n .
—1 —1 —2 —5
5 ) 5x10  p . p . m .  I . A . A .  p l u s  1 . 1 0  . 1 0  .1 0  p .p .m .M .H .
A l l  c o m b i n a t i o n s  o f  I . A . A .  p l u s  M.H. ( T h ese  c o n c e n t r ­
a t i o n s  w ere  u s e d  b y  L e o p o ld  and  K l e i n ) .
M.H. d i d  n o t  p r e v e n t  I . A . A .  gro\-h:h i n h i b i t i o n .
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-1  -2
4 )  5x10 _ .p .p .m. I .A .A .  p l u s  1 0 . 1 . 1 0  .10  p .p .m .M .H .
A l l  c o m b i n a t i o n s  o f  I .A .A .  p l u s  M.H.
M.H. d i d  n o t  p r e v e n t  I .A .A .  g ro w th  i n h i b i t i o n .
-1 -1 -2
5 ) 5x10 p . p . m .  I .A .A .  p l u s  1 . 1 0  .1 0  p . p . m .  M.H.
A l l  c o m b in a t io n s  o f  I . A . A .  p l u s  M.H.
A l l  s o l u t i o n s  made up  i n  M c l l v a i n e s  b u f f e r  a t  pH 5 . 0 ,  
( 1 0 . 3  c c .  0 . 2  H BagHPO^ + 9 .7  c c .  0 . 1  M c i t r i c  a c i d ) .  
The b u f f e r  was d i l u t e d  1 p a r t  i n  8 p a r t s  o f  g l a s s  
d i s t i l l e d  w a t e r .  T hese  c o n c e n t r a t i o n s  and b u f f e r  
s o l u t i o n  w ere  u s e d  b y  L eo p o ld  and K l e i n .
M.H. d i d  n o t  p r e v e n t  I .A .A .  groifkh i n h i b i t i o n .
A l l  r e s u l t s  were  a n a l y s e d  s t a t i s t i c a l l y  and i n  no 
c a s e  c o u l d  any  a n t a g o n i s t i c  a c t i o n  o f  m a le i c  h y d r a z i d e  
be e s t a b l i s h e d .
2S
2 )  2.4-DICHL0RABI80IE. (L .C .A .  )
The i n v e s t i g a t i o n  i n t o  t h e  a n t i - a u x i n  a c t i v i t y  o f
B .C .A , ,  c l a i m e d  f o r  t h i s  compound by  Bonner (1 9 4 9 ) ,  has
a l r e a d y  b ee n  r e p d r t l e d d a s i p ^ t  o f  a  p a p e r  p u b l i s h e d
j o i n t l y  w i t h  P r o f e s s o r  L . J .A u d u s  (Audus and S h i p t o n ,
now B ro w n b r id g e ,  1 9 5 2 ) .  A cppy  o f  t h i s  p a p e r  i s  a t t a c h e d
a t  t h e  end o f  t h e  t h e s i s .  T ha t  p a r t  o f  t h e  work which
was done by  t h e  w r i t e r  i s  d e s c r i b e d  and a n a l y s e d  on pages
459 t o  446 and i t s  i m p l i c a t i o n s  a r e  d i s c u s s e d  a t  t h e  end
o f  t h e  p a p e r  (p ag es  450  t o  4 5 5 ) .  F o r  c o n v e n ie n c e ,  t h e
main r e s u l t s  o b t a i n e d  w i t h  p e a  r o o t  s e c t i o n s  a r e
sum m ar ised  h e r e  
—2 —2
1 ) 5x10 .1 0  -p.p.m. 2 .4 - D .  p l u s  1 and  5 p . p . m .  B.C.A.
A l l  c o m b in a t io n s  o f  2 , 4 - B .  p l u s  B.C.A.
V a r i a n c e  a n a l y s i s  o f  t h e  r e s u l t s  showed t h a t  t h e r e
was no s i g n i f i c a n t  i n t e r a c t i o n  be tw een  2 , 4 - B .  and B.C.A.
The two s u b s t a n c e s  behaved  a s  i f  t h e y  were e x e r t i n g  a  
p u r e l y  a d d i t i v e  i n h i b i t o r y  e f f e c t .
—5 —4 —2
2 ) 10 .1 0  p . p . m .  2 . 4 - B .  p l u s  10 . 1  p . p . m .  B.C.A.
A l l  c o m b in a t io n s  o f  2 , 4 - B .  p l u s  B .C .A.
A v a r i a n c e  a n a l y s i s  showed t h a t  t h e r e  was no 
s i g n i f i c a n t  i n t e r a c t i o n  b e tw een  t h e  compounds.
24
—5 —2
3 )  10 .1 0  p . p . m .  I . A . A .  p l u s  c o n c e n t r a t i o n s  o f  B .C .A .
—4
f r o m  10 t o  10 p . p . m .
A l l  c o m b i n a t i o n s  o f  I . A . A .  p l u s  B.C.A..
T h i s  w ide  r a n g e  o f  B .C .A .  c o n c e n t r a t i o n s  e x e r t e d  no 
a n t a g o n i s t i c  e f f e c t s  on I . A . A .  a c t i o n  a t  an y  sta.ge o f  
g ro v f th .
T h e r e f o r e ,  i t  may be c o n c l u d e d  t h a t ,  u n d e r  t h e  
e x p e r i m e n t a l  c o n d i t i o n s  u s e d ,  no s i g n i f i c a n t  a n t a g o n i s t i c  
a c t i o n  was e x h i b i t e d  b y  B .C .A .  a g a i n s t  I . A . A .  and  2 , 4 - B .
GRAPH 3 .  R^L,\TIVE GRO’fTH OF ROOT: SECTI0Î1S IH H .M .S .P .  PIUS
1/P  % SUCROSE .
J S t a n d a r d  E r r o r .
Bumber o f  s a m p le s  
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LOG. GOÏTC. p . p . m .
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3 l  oc(l-HA.Pie.'HYLÎ-IB;TI-ra[SULPHIIiE) PROPIOITIC ACID. (IT.M.S.P. )
Coow
B . M . S . P . ( f o r m u l a  a b o v e ) ,  was f i r s t  r e p o r t e d  as  an 
a n t i - a u x i n  by  A berg  i n  1 9 5 0 .  Lov/ c o n c e n t r a t i o n s  o f  
B .M .S .P .  a l o n e  w ere  s a i d  tm i n c r e a s e  r o o t  g rovr th  15 t o  
20^ above c o n t r o l  g ro v / th .  I n  c o m b i n a t i o n  w i t h  i n h i b i t o r y  
c o n c e n t r a t i o n s  o f  I . A . A . ,  2 , 4 - B .  and  o t h e r  ho rm ones  
N .M .S .P .  r e s t o r e d  g rov / th  t o  n o r m a l .
The B .M .S .P .  u s e d  i n  t h e  p r e s e n t  r e s e a r c h  was 
s u p p l i e d  by  PAL C h e m ic a ls  L t d .  S o l u t i o n s  v/ere made by  
a d d in g  t h e  e q u i v a l e n t  o f '  BaOH and  t h e n  g l a s s  d i s t i l l e d  
w a te r  t o  make up  t h e  r e q u i r e d  v o lu m e .  I t  was n e c e s s a r y  
t o  h e a t  t h e  s o l u t i o n  i n  a  w a t e r  b a t h  t o  e n s u r e  t h a t  a l l  
t h e  powder d i s s o l v e d .
E x p e r i m e n t s  were  f i r s t  done w i t h  B .M .S .P .  a l o n e .  
Graph 3 shows t h e  % t o t a l  i n c r e a s e  i n  f r e s h  w e i g h t  o f  
p e a  r o o t  s e c t i o n s  i n  v a r i o u s  c o n c e n t r a t i o n s  o f  B.M.SLP. 
compared  w i t h  c o n t r o l  g ro w t h  i n  . 5 ^  s u c r o s e  a l o n e .
B e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  on p a g e  I
S i g n i f i c a n t  s t i m u l a t i o n  o f  g rov / th  o c c u r r e d  a t  30 
and 10 p . p . m .  B .M .S .P .  One o f  t h e  r e m a r k a b l e  f e a t u r e s  
o f  t h e  s u b s t a n c e  was t h e  s m a l l  c o n c e n t r a t i o n  r a n g e  
b e tw e en  d e a t h ,  a t  lO O O p.p .m . ,  and  s t i m u l a t i o n  o f  t h e  
r o o t  s e c t i o n  grovrfch a t  30 p . p . m .  The f l u c t u a t i o n s  i n  
% g rov / th  belovr 1 p .p ^ m .  a r e  t h o u g h t  t o  be due t o  t h e  s m a l l
GRAFH ô .  GIQV/TH OF ROOT SEGTI 0 B 3 . (Mean v a l u e s  o v e r
s t a t e d  p e r i o d s )
---------- COBTROIB ( 1 / 2  s u c r o s e )
- 2
MM-o i  3x10 p . p . m .  2 , 4 - B .
----------10  p . p . m .  B . M . S . P .
-2















PERIorS 0 -  10 ,  10 -  30 and  30 -  50 h o u r s
L.SOb.
tl I I I /
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TIME IB HOURS .
30
GRAPE 5 .  GIOWTPT OF ROOT ORCTIOPS. (Mean v a l u  en o v e r
s t a t e d  p e r i o d s )
 -----------C0FTR0I3 ( 1 / 2  4^ s u c r o s e )
>»»»» #»% 5x10  p . p . m .  2 , 4 - D .
 —30. p . p . m .  H . M . S . P .
-2
 ------— 3x10 p . p . m .  2 , 4 - D .  p l u s  30 p .p .m .IT ,M .S  .P .
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GRAPE 4 .  GROVTE 0 ?  ROOT SR CTIO IB . (Mean v a l u e s  o v e r
s t a t e d  p e r i o d s )
------------^ c o m m i s  ( 1 / 2  ff- s u c r o s e )
-2
H-H-H-M-5 x 1 0  p . p . m .  2 , 4 - D .
—------ — 1 0 J p . p . m *  E . M .3• P «
- 2------------ 3 x 1 0  p . p . m .  2 , 4 - D .  p l u s  100  p .p  .m .E .H .S  . P .
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number o f  e x p e r i m e n t s  c a r r i e d  o u t  a t  t h e s e  c o n c e n t r a t i o n s  
g i v i n g  a  somewhat i n a c c u r a t e  p i c t u r e  o f  g r o w t h .
INTERACTION EXPERIMEET8.
a )  WITH 2 . 4 - D .
P r e l i m i n a r y  e x p e r i m e n t s  i n d i c a t e d  t h a t  i n  t h e  r e g i o n
o f  100 t o  10 p . p . m .  N .M .S .P .  t h e r e  was a  d e f i n i t e  a n t -
—2
a g o n i s t i c  a c t i o n  a g a i n s t  t h e  i n h i b i t o r y  e f f e c t  o f  10 p . p . m .
2 ,4 - D .
A s e r i e s  o f  e x p e r i m e n t s  w ere  p l a n n e d  t o  v e r i f y  t h i s
o b s e r v a t i o n .  The c o n c e n t r a t i o n  o f  2 , 4 - D .  c h o s e n  was 
—2
3x10 p . p . m . . N .M .S .P .  was u s e d  a,t 1 0 0 ,3 0  and  10 p . p . m . . 
P l a n  o f  e x p e r i m e n t s .
10 s e c t i o n s  p e r  s a m p l e . C o n c e n t r a t i o n s  e x p r e s s e d  i n  p . p . m .  
N .M .S .P .  c o n c e n t r a t i o n .
2 ,4 - D .
co n c .
0 100 30 10
0 3 3 3 3
—2»
3x1010 6 6 6 6
% i n c r e a s e  i n  f r e s h  w e i g h t  d u r i n g  e a c h  o f  t h r e e  t i m e  
i n t e r v a l s  was a n a l y s e d .  The t i m e  i n t e r v a l s  b e i n g  0 - 1 0 ,
10 -30  and  3 0 -5 0  h o u r s .  G raphs  4 , 5  and  6 show t h e  mean 
i n c r e a s e  i n  f r e s h  w e i g h t ,  f o r  t h e s e  t i m e  i n t e r v a l s ,  f o r  
e a c h  c o m b i n a t i o n  o f  N .M .S .P .  and  2 , 4 - D . , 2 , 4 - D .  a l o n e  
and  c o n t r o l s .  D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  
on pages isa,3,4-. On t h e  . g r a p h s  t h e  L e a s t  S i g n i f i c a n t  D i f f e r e n c e  
a t  t h e  59& p o i n t  i s  p l o t t e d  b e tw e e n  t h e  mean .g r o w th  r a t e
co f  s e c t i o n s  i n  2 , 4 - D .   ^a l o n e  and 2 , 4 - D .  p l u s  N.M.S.PD 
L e a s t  S i g n i f i c a n t  D i f f e r e n c e  ( L . S . D . )  i s  a p p r o x i m a t e l y  
e q u a l  t o  G  t  f  r ij
VThere G  = s t a n d a r d  d e v i a t i o n  ( c a l c u l a t e d  f r o m  r e s i d u a l
v a r i a n c e  )
t  s  S t u d e n t ^ s  " t "  f o r  t h e  v a l u e  o f  (nn+n2*-2) 
d e g r e e s  o f  f r e e d o m  a t  t h e  5% l e v e l .
^ i ' ^ 2  “ number o f  s a m p le s #
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RESULTS.
0 - 1 0  h o u r s .
V a r i a n c e  t a b l e  f o r  t h i s  p e r i o d .
S o u rc e  o f  
v a r i a n c e .
Sum o f  
S q u a r e s .
D eg ree s  o f  
F re e d o m .
Mean S q u a r e . P .
N .M .S .P . 5 1 6 .6 3 1 7 2 .2
2 , 4 - D . 9 1 0 . 3 1 9 1 0 . 3 1.0%
N .M .S .P . )  
2 , 4 - D .  ) 4 8 4 . 1 3 1 6 1 .4
R e s i d u a l
v a r i a n c e . 2 9 3 5 .6 28 1 0 4 .8
Lumped
r e s i d u a l . 3419 .7 31 1 1 0 . 3
A h i g h l y  s i g n i f i c a n t  i n h i b i t i o n  o f  g ro v / th  was 
—2
c a u s e d  by  3x10 p . p . m .  2 , 4 - D .  a l o n e .  D u r in g  t h i s  p e r i o d
t h e r e  was no s i g n i f i c a n t  i n t e r a c t i o n  b e tw e en  N .M .S .P .
and  2 , 4 - D . , e x c e p t  i n  t h e  m i x t u r e  o f  30 p .p .m .N .M .S  .P .
—2
p l u s  3x10 p . p . m .  2 , 4 - D . . S e c t i o n s  t r e a t e d  w i t h  t h i s  
m i x t u r e  h a d  a  g r o w th  r a t e  J u s t  s i g n i f i c a n t l y  h i g h e r  t h a n
28
t h a t  o f  s e c t i o n s  i n  2 , 4 - D .  a l o n e .  
1 0 -3 0  h o u r s .
V a r i a n c e  t a b l e  f o r  t h i s  p e r i o d .
S o u r c e  o f  
v a r i a n c e .
Sum o f  
S q u a r e s .
D eg re e s  o f  
F re e d o m .
Me a n  J S q u a r e . P .
N .M .S .P . 9 3 0 6 .0 3 3 1 0 2 .0
2 , 4 - D . 1 8 6 .8 1 1 8 6 .8
N .M . S . P . )  
2 , 4 - D .  ) 3 8 3 5 .8 %3 1 2 7 8 .6 1.0%
R e s i d u a l
v a r i a n c e . 6 0 6 4 .5 28 2 1 6 .6
The i n t e r a c t i o n  b e tw e e n  N . H . S . P .  and  2 , 4 - D .  was
h i g h l y  s i g n i f i c a n t .  The g rov / th  o f  s e c t i o n s  i n  N .M .S .P .
p l u s  2 , 4 - D .  s o l u t i o n s  was n o t  s i g n i f i c a n t l y  d i f f e r e n t
f r o m  t h a t  o f  c o n t r o l s .  Growth i n  2 , 4 - D .  a l o n e  was v e r y
s i g n i f i c a n t l y  lo w er  t h a n  t h a t  i n  t h e  m i x t u r e s  and  c o n t r o l s .
T h e r e f o r e ,  N .M .S .P .  h a d  a n t a g o n i s e d  t h e  i n h i b i t o r y
- 2
a c t i o n  o f  3x10 p . p . m .  2 , 4 - D . .
3 0 -5 0  h o u r s .
V a r i a n c e  t a b l e  f o r  t h i s  p e r i o d .
S o u rc e  o f  
v a r i a n c e .
Sum o f  
S q u a r e s .
D eg ree s  o f  
F re ed o m .
Mean S q u a r e .
N .M .S .P . 3 0 8 .6 3 1 0 2 .5
2 , 4 - D . .12 1 .1 2
N .M .S .P . )  
2 , 4 - D .  ) 1 3 0 8 .8 3 4 3 6 .3 1.0%
R e s i d u a l
v a r i a n c e . 2 6 8 9 .5 88 9 6 .1
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The N . M . S . P . , 2 , 4 - D .  i n t e r a c t i o n  a p p e a r e d  t o  be
s i g n i f i c a n t  f r o m  t h e  v a r i a n c e  a n a l y s i s .  However,  d u r i n g
t h i s  p e r i o d  v e r y  l i t t l e  groivkh o c c u r r e d  i n  a l l  s e c t i o n s
an d  g r o w t h  i n  N .M .S .P .  p l u s  2 , 4 - D ,  d i d  n o t  d i f f e r
s i g n i f i c a n t l y  f r o m  t h a t  i n  2 , 4 - D .  a l o n e , ( c o m p a r i s o n  o f
mean groi\/ th ren tes  by  L . S . D .  a t  5% p o i n t ) .  I n  10 and  30
—2
p . p . m .  N .M .S .P .  p l u s  3x10 p . p . m .  2 , 4 - D .  g ro \d :h  was 
h i g h e r  t h a n  i n  2 , 4 - D .  a l o n e  b u t  n o t  s i g n i f i c a n t l y  so  a,t 
t h e  5fo p o i n t .
T hese  e x p e r i m e n t s  showed t h a t  1 0 0 ,3 0  a n d 110 p . p . m .  
N.M.S.PD c o u l d  a n t a g o n i s e  t h e  i n h i b i t i o n  c a u s e d  by 
3x10 p . p . m .  2 , 4 - D .  .30 p . p . m .  N .M .S .P .  p l u s  3x10 p . p . m .
2 , 4 - D .  r e s u l t e d  i n  g r e a t e r  s e c t i o n  g ro w th  t h a n  100 and  
10 p . p . m .  N .M .S .P .  p l u s  2 , 4 - D .
fTlAPE 9 .  910'.EE OP loOT 3ECTIÛE3.' (liean  v a lu e s  o v er
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b)  With. I  .A.» A.
E x p e r i m e n t s  s i m i l a r  t o  t h o s e  done m t h  2 , 4 - D .  wer®
c a r r i e d  o u t  w i t h  I . A . A . .  A h i g h  c o n c e n t r a t i o n  o f  I .A .A .
(1  p . p . m . ) ,  was f i r s t  u s e d .  The a d d i t i o n  o f  IT.M.S.P. d i d
n o t  p r e v e n t  t h e  i n h i b i t i o n  c a u s e d  b y  t h i s  h i g h  a u x i n
c o n c e n t r a t i o n .  T h e r e f o r e ,  10 p . p . m .  I .A .A .  was u s e d .
A c o m p le t e  s e r i e s  o f  r o o t  s e c t i o n  e x p e r i m e n t s  were
p e r f o r m e d  when i t  was d i s c o v e r e d  t h a t  1 0 0 ,3 0  and  10 p . p . m .
- 2
H .M .S .P .  p l u s  10 p . p . m .  I  .A .A . gave  t h e  same r e s u l t s  
as  h a d  b e e n  o b t a i n e d  w i t h  2 , 4 - D . .
P l a n  o f  e x p e r i m e n t s ; -
10 s e c t i o n s  p e r  s a m p l e . C o n c e n t r a t i o n s  e x p r e s s e d  i n  p . p . m .
H .M .S .P .  c o n c e n t r a t i o n .
I . A . A .
c o n c .
0 100 30 10
0 3 3 3 _ 3
-2
10 6 6 6 6
fo i n c r e a s e  i n  f r e s h  w e i g h t  d u r i n g  e a c h  o f  t h r e e  
t im e  i n t e r v a l s  was a j i a l y s e d .  The t im e  i n t e r v a l s  b e i n g  
0 - 1 0 ,  1 0 -3 0  and  30 -50  h o u r s .  G raphs  7 , 8  and 9 show t h e  
mean i n c r e a s e  i n  f r e s h  w e i g h t ,  f o r  e a c h  o f  t h e s e  t im e  
i n t e r v a l s ,  f o r  e a c h  m i x t u r e  o f  H .M .S .P .  and  I . A . A . ,  
I . A . A .  a l o n e  and  c o n t r o l s .  L . S . D s .  b e tw e en  t h e  v a r i o u s  
t r e a t m e n t s  a r e  a l s o  p l o t t e d .
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RESULTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  on p a g e s  
0 - 1 0  h o u r s .
V a r i a n c e  t a b l e  f o r  t h i s  p e r i o d .
S o u r c e  o f  
v a r i a n c e .
Sum ofr: 
S q u a r e s .
D eg ree s  o f  
F re ed o m .
Mean S q u a r e . P .
N .K .SP . 3 5 0 .8 3 1 1 6 .9
1 , AtrA. 9 6 0 .6 1 9 6 0 .6
U .H .S P .  ) 
1 , A#A. ) 1 0 9 4 .6 3 3 6 4 .9 0.1%
R e s i d u a l
v a r i a n c e . 1 0 5 3 .4 28 3 7 .6
Growth i n  I . A . A .  a l o n e  was s i g n i f i c a n t l y  l e s s  t h a n  
i n  c o n t r o l s , ( c o m p a r i s o n  o f  means w i t h  L . S . D . ) .  The v a r i a n c e  
a n a l y s i s  showed t h a t  t h e  i n t e r a c t i o n  b e tw e e n  I . A . A .  and 
U.M.SP, was s i g n i f i c a n t .  Growth o f  s e c t i o n s  i n  I .A .A .  p l u s  
100 o r  10 p . p . m .  U .M .S .P .  d i d  n o t  d i f f e r  f r o m  t h a t  i n  
I . A . A .  a l o n e ,  b u t  g ro w th  o f  s e c t i o n s  i n  I . A . A .  p l u s  
30' p . p . m .  U . H . S . P .  was s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  
i n  I . A . A .  a l o n e .
1 0 -30  h o u r s .
V a r i a n c e  t a b l e  f o r  t h i s  p e r i o d .
S9U?Ce o f  
t â r l a n c e .
Sum o f  
S quaeres.
D egree  o f  
F re ed o m .
Mean S q u a r e . P .
U .M .S .P . 6 9 0 1 .1 3 2 3 0 0 .4
I .A . A . 1 0 8 1 .0 1 1 0 8 1 .0
Î J .M .S .P . )  
I . A . A .  ) 1 8 3 3 .8 3 6 1 1 .3 B.afo
R esm dua l
v a r i a n c e 3 9 4 6 .1 28 1 4 0 .9
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Growth, i n  I . A . A ,  a l o n e  was s i g n i f i c a n t l y  low er  
t h a n  i n  c o n t r o l s .  The i n t e r a c t i o n  b e tw e e n  I . A . A .  and  
N .M .S .P .  was s i g n i f i c a n t ,  ( s e e  v a r i a n c e  a n a l y s i s ) .  Gro’v th  
i n  10 p . p . m .  I . A . A .  p l u s  30 or  10 p . p . m .  N .M .S .P .  d i d  
n o t  d i f f e r  s i g n i f i c a n t l y  f r o m  c o n t r o l s  and  was s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  i n  I . A . A .  a l o n e .  Grov/th i n  10 p . p . m .
I . A . A .  p l u s  100 p . p . m .  U .M .S .P .  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  
f r o m  t h a t  i n  I . A . A .  a l o n e .  The i n h i b i t e d  grovrfch i n  t h i s  
m i x t u r e  vjbs p r o b a b l y  due t o  t h e  h i g h  n o n -p h 3r s i o l o g i c a l  
t o t a l  c o n c e n t r a t i o n  o f  a u x i n  and a n t i - a u x i n ,  e i t h e r  o f  
w h ich  u s e d  a l o n e  a t  t h e s e  p a r t i c u l a r  c o n c e n t r a t i o n s  
r e s u l t e d  i n  g ro w th  i n h i b i t i o n .
5 0 -5 0  h o u r s .
V a r i a n c e  t a b l e  f o r  t h i s  p e r i o d .
S o u rc e  o f  
v a r i a n c e .
Sum o f
S q u a r e s .
D e g ree s  o f  
F reed o m .
Mean S q u a r e . P .
N .M .S .P . 27 3 1 .9 3 9 1 0 .6
I . A . A . 2 1 3 4 .3 1 2 1 3 4 .3
N .M .S .P . )  
I . A . A .  ) 5 9 1 5 .8 3 1 9 7 1 .9 5.0%
R e s i d u a l
v a r i a n c e . 19907 .7 28 7 1 0 . 9 . A
The i n t e r a c t i o n  b e tw e e n  I .A .A .  and ÎT.M.S.P. was
—2
s i g n i f i c a n t .  Growth i n  10 p . p . m .  I . A . A .  p l u s  1 0 0 ,3 0  o r  
10 p . p . m .  U .M .S .P .  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  f ro m  
c o n t r o l  g r o w th  and  was s i g n i f i c a n t l y  g r e a t e r  t h a n  i h
I . A . A .  a l o n e .
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The s t a t i s t i c a l  a n a l y s i s  o f  r o o t  s e c t i o n  g ro w th
showed t h a t  N .M .S .P ,  c o u l d  s u c c e s s f u l l y  a n t a g o n i s e  t h e
a c t i o n  o f  an  i n h i b i t o r y  c o n c e n t r a t i o n  o f  I . A . A .  Complete
a n t a g o n i s m  o f  t h e  g ro w th  i n h i b i t i o n  o c c u r r e d  when SOp.p.m.
N .M .S .P .  was u s e d  i n  c o n j u n c t i o n  w i t h  10 p . p . m .  I . A . A . .
A c o n c e n t r a t i o n  o f  10 p . p . m .  N .M .S .P .  was t o o  weak t o
—2
p r e v e n t  some i n i t i a l  g ro w th  i n h i b i t i o n  b y  10 p . p . m . I . A . A . . 
A c o n c e n t r a t i o n  o f  100 p . p . m .  N .M .S .P .  was t o o  s t r o n g  and 
i t s e l f  h a d  an i n h i b i t o r y  e f f e c t  on t o o t  s e c t i o n  g r o w th .
H av ing  e s t a b l i s h e d  t h e  a n t i - a u x i n  a c t i v i t y  o f
N .M .S .P .  and  d e t e r m i n e d  t h e  r a n g e  o f  c o n c e n t r a t i o n s
w h ich  c o u l d  s u c c e s s f u l l y  p r e v e n t  I . A . A .  and 2 , 4 - D .
g ro w th  i n h i b i t l  o n ,  t h i s  conrpound:"was u s e d  i n  g e o t r o p i c
e x p e r i m e n t s .  I t  was f i r s t  u s e d  a l o n e  a t  c o n c e n t r a t i o n s
o f  1 0 0 ,3 0  and  10 p . p . m . .  Assuming t h a t  I .A .A .ua is  t h e
hormone r e s p o n s i b l e  f o r  g ro w th  i n  t h e  r o o t  i t  was
- 2
e s t i m a t e d  t h a t  a  c o n c e n t r a t i o n  o f  a b o u t  10 p . p . m .  I .A .A .  
was l i k e l y  t o  be p r e s e n t  on t h e  low er  s i d e  o f  t h e  r o o t  
d u r i n g  g e o t r o p i c  c u r v a t u r e . (F o r  m ethod  o f  e s t i m a t i o n  s e e  
g age  SV)* I f  t h i s  vifê s o ,  t h e n  a c c o r d i n g  t o  t h e  r o o t  
s e c t i o n  r e s u l t s ,  any  o f  t h e  t h r e e  above  c o n c e n t r a t i o n s  
o f  N .M .S .P .  s h o u l d  c o m p l e t e l y  o r  p a r t i a l l y  a n t a g o n i s e  t h e  
i n h i b i t o r y  e f f e c t  o f  s u c h  an I . A . A .  c o n c e n t r a t i o n .  
N .M .S .P .  can  a n t a g o n i s e  t h e  a c t i o n  o f  o t h e r  feormones. 
T h e r e f o r e ,  ev en  i f  I.A.A.wflLs n o t  t h e  hormone r e s p o n s i b l e
34
f o r  gro\vTth i n  t h e  p e a  r o o t ,  t h e  u s e  o f  N .M .S .P .  i n  g e o t r o p i c  
e x p e r i m e n t s  s h o u l d  h e l p  t o  e s t a b l i s h  w h e th e r  a  hormone 





F i g u r e  7 .  V e r t i c a l  s e c t i o n  t h r o u g h ,  t a n k  i n  p o s i t i o n  r e a d y  
f o r  r o t a t i o n ,  w i t h  t h e  p e a  r o o t s  h o r i z o n t a l .
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PRELIMINARY GEOTROPIC EXPERIMENTS.
1 ) .  Two s e p a r a t e  k l i n o s t a t s  w ere  u s e d  i n  t h e  f i r s t  
g e o t r o p i c  e x p e r i m e n t s .  E ach  c o n s i s t e d  o f  a  m oto r  by  means 
o f  w h ic h  a  g l a s s  t a n k  c o u l d  be r o t a t e d  a t  v a r i o u s  s p e e d s .  
( D e t a i l s  o f  t h i s  a p p a r a t u s  w i l l  n o t  be g i v e n  s i n c e  i t  was 
soon  much im p ro v ed  and m o d i f i e d ) .
As s t a t e d  p r e v i o u s l y ,  P isu m  s a t i v u m  v a x .  M e te o r ,  
s u p p l i e d  by  S u t t o n  and  S o n s ,  R e a d i n g ,  was u s e d  i n  a l l  
e x p e r i m e n t s .  The p e a s  w ere  s o a k e d  i n  r u n n i n g  t a p  w a t e r  
o v e r n i g h t  and t h e n  grown i n  m o i s t  s a n d  f o r  two days a t  
25®C, i n  t h e  d a r k .
In  t h e  g e o t r o p i c  e x p e r i m e n t s  o n l y  two p e a s  w ere  
u s e d  i n  e a c h  t a n k .  They w ere  f i x e d  b y  means o f  p i n s  o n to  
t h e  l i d  o f  t h e  t a n k ,  ( s e e  f i g u r e  ? ) .
D u r in g  r o t a t i o n ,  t h e  l i d  was h e l d  i n  p l a c e  by  a  
smear o f  v a s e l i n e .  D i f f e r e n t  r o t a t i o n  s p e e d s  w ere  t r i e d  
o u t  i n  c o m b i n a t i o n  w i t h  a  few  d i f f e r e n t  s t i m u l a t i o n  t i m e s .
The movement o f  t h e  t i p s  o f  t h e  r o o t s  was r e c o r d e d  r e l a t i v e  
t o  a  p i e c e  o f  g r a p h  p a p e r  s t u c k  on t h e  b a c k  o f  e a c h  t a n k ,  
b eh in d  t h e  p e a s .  T hese  f i r s t  e x p e r i m e n t s  y i e l d e d  no 
t r u s t w o r t h y  r e s u l t s  a n d , t h e  t e c h n i q u e  was so o n  ab an d o n ed  
f o r  a  much im p ro v ed  m e th o d .  _
2 ) .  I n  t h e  n e x t  e x p e r i m e n t s ,  two s e p a r a t e  k l i n o s t a t s
were  a g a i n  u s e d ,  one g l a s s  t a n k  b e i n g  r o t a . t e d  by  e a c h  m o to r .  
The p e a s  w ere  s o a k e d  and grown as i n  ^ h e  o r i g i n a l  e x p e r i m e n t s .
f i g u r e  7 a .  S e c t i o n  th r o u g h  t a n k  w i t h  P e r s p e x  h o l d e r ,  i n  p o s i t i o n  
d u r in g  g r a v i t a t i o n a l  s t i m u l a t i o n .
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b u t  a d d i t i o n a l  c a r e  was t a k e n  t o  e n s u r e  t h a t  t h e  r o o t s  
g rew  a b s o l u t e l y  s t r a i g h t ,  o t h e r w i s e  t h e y  w ere  u s e l e s s  f o r  
e x p e r i m e n t a l  p u r p o s e s .  Deep p o t s  f u l l  o f  s a n d  w ere  u s e d  
and  h o l e s  w ere  made i n  t h e  s a n d  w i t h  a  g l a s s  r o d  a b o u t  
.5cm . i n  d i a m e t e r .  E ach  p e a  was p l a n t e d  w i t h  t h e  
em b ry o n ic  r a d i c l e  p o i n t i n g  v e r t i c a l l y  downwards i n t o  one 
o f  t h e  h o l e s  i n  t h e  s a n d .  As t h e  r o o t  e n c o u n t e r e d  few  
o b s t a c l e s ,  i n  t h e  way o f  l a r g e  s a n d  p a r t i c l e s ,  t h i s  
m ethod  p r o d u c e d  many s t r a i g h t  r o o t s .  A l a r g e  number o f  
p e a s ,  ( a b o u t  3 0 0 ) ,  w ere  grown f o r  e v e r y  e x p e r i m e n t  so 
t h a t  a  r i g i d  s e l e c t i o n  c o u l d  be made o f  t h e  r e q u i r e d  
number w i t h  p e r f e c t l y  s t r a i g h t  r o o t s  o f  f a i r l y  u n i f o r m  
l e n g t h .
I n s t e a d  o f  . lu s t  two p e a s  b e i n g  r o t a t e d  i n  e a c h  t a n k ,  
t e n  t o  t w e n t y  w ere  now u s e d .  A p i e c e  o f  P e r s p e x ,  2cm. 
w id e ,  was c u t  t o  f i t  l e n g t h w a j ^  a c r o s s  t h e  w i d t h  o f  e a c h  
t a n k .  H o le s  w ere  d r i l l e d  i n  t h e  B e r s p e x  i n  two s t a g g e r e d  
ro w s ,  f a r  enough a p a r t  t o  a l l o w  room f o r  t h e  p e a  
c o t y l e d o n s ,  b u t  c l o s e  enough t o g e t h e r  t o  e n s u r e  t h a t  t h e  
p e a s  h e l d  e a c h  o t h e r  i n  p l a c e  d u r i n g  r o t a t i o n .  The P e r s p e x  
h a d  b e e n  c u t  so  t h a t  no a d d i t i o n a l  s u p p o r t  was n e c e s s a r y  
t o  k e e p  i t  i n  p l a c e  a b o u t  1 .5  cm. b e lo w  t h e  l i d  o f  t h e  t a n k .  
The r o o t s  o f  t h e  two d ay  o l d  p e a s  w ere  t h r e a d e d  th r o u g h  th e  
h o l e s  i n  t h e  P e r s p e x  j u s t  b e f o r e  a  g e o t r o p i c  e x p e r i m e n t  was 
b e g u n .  E ach  t a n k  was t u r n e d  on i t s  s i d e ,  a f t e r  f i x i n g  t h e  
l i d ,  and  p l a c e d  i n  t h e  h o l d e r . ( P i g .  7 a ) .  D u r in g  g r a v i t a t i o n a l  
s t i m u l a t i o n , t h e  h o r i z o n t a l  r o o t  o f  e a c h  p e a  l a y  above t h e
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c o t y l e d o n s  so t h a t  i t  was p e r p e n d i c u l a r  t o  t h e  f o r c e  o f  
g r a v i t y .  I t  was fo u n d  t h a t  r o o t s  s t i m u l a t e d  i n  w a te r  
r e a c t e d  l e s s  r e a d i l y  t h a n  t h o s e  s t i m u l a t e d  i n  m o i s t  a i r ,  
( p r o b a b l y  due t o  oxygen  l a c k  when s u b m e r g e d ) .  T h e r e f o r e ,  
a  f u r t h e r  m o d i f i c a t i o n  was i n c o r p o r a t e d .  A h o l e  was 
d r i l l e d  i n  t h e  c e n t r e  o f  t h e  g l a s s  p l a t e  w h ic h  s e r v e d  
as  a, l i d  f o r  e a ch  t a n k .  The h o l e  was s e a l e d  w i t h  a  
c o r k  t h r o u g h o u t  t h e  e x p e r i m e n t .  D u r in g  s t i m u l a t i o n ,  
o n l y  a  s m a l l  amount o f  w a t e r  o r  horm one s o l u t i o n  was 
k e p t  i n  t h e  t a n k .  Enough t o  k ee p  t h e  a tm o s p h e re  m o i s t ,  
b u t  n o t  s u f f i c i e n t  t o  c o v e r  t h e  c o t y l e d o n s  o r  r o o t s .
At t h e  end o f  s t i m u l a t i o n ,  j u s t  b e f o r e  r o t a t i o n  commenced, 
t h e  r e q u i r e d  a m o u n t , (300  c c . ) ,  o f  g l a s s  d i s t i l l e d  w a te r  
o r  horm one s o l u t i o n  was i n t r o d u c e d  b y  means o f  a  p i p e t t e  
t h r o u g h  t h e  h o l e  i n  t h e  g l a s s  l i d .  The amount o f  
s o l u t i o n  u s d d  e n s u r e d  t h a t  e v e r y  r o o t  was b a t h e d  i n  i t  
f o r  a p p r o x i m a t e l y  h a , l f  t h e  t im e  t a k e n  f o r  one c o m p le te  
r e v o l u t i o n .  Thus t h e  r o o t s  c o u l d  o b t a i n  o x y g e n .  I n  
t h e s e  e x p e r i m e n t s  t h e  h o rm o n a l  s o l u t i o n  o n l y  came i n t o  
c o n t a c t  w i t h  t h e  r o o t s  a f t e r  g r a v i t a t i o n a l  s t i m u l a t i o n .
I n  e v e r y  e x p e r i m e n t ,  t h e  p e a s  i n  one t a n k  were  
r o t a t e d  i n  g l a s s  d i s t i l l e d  w a t e r ,  t h e s e  p e a  r o o t s  
s e r v e d  as  c o n t r o l s  f o r  t h e  e x p e r i m e n t .  The r o o t s  o f  t h e  
p e a s  i n  t h e  s e c o n d  t a n k  w ere  t r e a t e d  w i t h  hormone 
s o l u t i o n  and t h e i r  g e o t r o p i c  r e a c t i o n  com pared w i t h  t h a t  
o f  t h e  c o n t r o l s .
P r e l i m i n a r y  e x p e r i m e n t s  w ere  c a r r i e d  p u t  v a r y i n g  
t h e  1 1 ' =.e
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t h e  t im e  o f  g r a v i t a t i o n a l  s t i m u l a t i o n  f ro m  20  t o  70 
m i n u t e s ,  a t  10 m in u te  i n t e r v a l s *  40 m i n u t e s  s t i m u l a t i o n  
was f o u n d  t o  r e s u l t  i n  a  r e a , s o n a h l e  and  e a s i l y  d e t e c t e d  
c u r v a t u r e  i n  t h e  r o o t s  and  t h i s  s t i m u l a t i o n  t im e  was u s e d  
i n  a l l  s u b s e q u e n t  e x p e r i m e n t s  *
..After 40 m i n u t e s  e x p o s u r e  t o  t h e  u n i l a t e r a l  f o r c e  
o f  g r a v i t y  t h e  r o o t s  were  r o t a t e d  h o r i z o n t a l l y  a b o u t  
t h e  a x i s  o f  t h e  k l i n o s t a t ,  a t  a  s p e e d  o f  one r e v o l u t i o n  
e v e r y  5 m in u te s #  No au tonom ous c u r v a t u r e s  r e s u l t e d  f ro m  
t h e  u s e  o f  t h i s  r o t a t i o n  s p e e d .  R o t a t i o n  on t h e  k l i n o s t a t  
e n s u r e d  t h a t  s u b s e q u e n t  t o  t h e  40 m in u t e s  s t i m u l a t i o n  
t h e  i n f l u e n c e  o f  t h e  f o r c e  o f  g r a v i t y  was d i s t r i b u t e d  
e v e n l y  r o u n d  t h e  r o o t .  Thus a l l  o b s e r v e d  c u r v a t u r e s  
i n  r o o t s  t r e a t e d ^ w i t h  v a r i o u s  hormone s o l u t i o n s  w ere  
t h e  r e s u l t  o f  a  f i x e d  amount o f  g r a v i t a t i o n a l  
s t i m u l a t i o n *
The p o s i t i o n  o f  e a c h  r o o t  was s k e t c h e d  og g r a p h  
p a p e r  a t  t h e  b e g i n n i n g  o f  t h e  e x p e r i m e n t  so  t h a t  i t  was 
e a s i e r  t o  d e t e c t  t h e  f i r s t  c u r v a t u r e .  C u r v a t u r e  was 
r e c o r d e d  by  means o f  a  p i e c e  o f  grap'fe p a p e r  s t u c k  on 
t h e  t a n k  b e h i n d  t h e  r o o t s  and t h e  movement o f  t h e  r o o t  
t i p s  r e l a t i v e  t o  t h i s  p a p e r  was n o t e d .  No a b s o l u t e  
m easu rem en t  o f  c u r v a t u r e  c o u l d  be made by  t h i s  m ethod ,  
m e r e l y  t h e  number o f  r o o t s  c u r v i n g  a t  an y  g i v e n  t i m e .
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D u r in g  t h e s e  o r i g i n a l  e x p e r i m e n t s  t h e  phenomenon 
o f  a u t o t r o p i s m  was f i r s t  n o t e d .  A f t e r  s t i m u l a t i o n ,  
g e o t r o p i c  c u r v a t u r e  o c c u r r e d  d u r i n g  t h e  r o t a t i o n  o f  t h e  
r o o t ,  h u t  t h e n ,  on c o n t i n u i n g  r o t a t i o n  t h i s  C u r v a t u r e  
d e c r e a s e d  u n t i l  t h e  r o o t  was once  more s t r a i g h t #
O c c a s i o n a l l y  a  r o o t  e x h i b i t e d  n e g a t i v e  c u r v a t u r e  a t  t h i s  
s t a g e  as i t  o v e r s h o t  t h e  h o r i z o n t a l  p o s i t i o n ,  b u t  f u r t h e r  
r o t a t i o n  r e s u l t e d  i n  s t r a i g h t e n i n g .  G e o t r o p i c  s t i m u l a t i o n  
h a d  n o t  b e e n  c o n t i n u e d  l o n g  enough  t o  " f i x "  t h e  r e s u l t a n t  
c u r v a t u r e .  The c e l l s  on  t h e  co n c a v e  s i d e  o f  t h e  r o o t  
were  s t i l l  c a p a b l e  o f  e x t e n s i o n  growth#  I f  t h e  Went 
C ho lodny  t h e o r y  i s  c o r r e c t ,  an e x p l a n a t i o n  i n  teym# 
o f  a u x i n  w ould  be t h a t  on r o t a t i o n , a f t e r  s t i m u l a t i o n ,  
r e d i s t r i b u t i o n  o f  a u x i n  o c c u r r e d  so  t h a t  i t s  c o n c e n t r a t i o n  
was a g a i n  e q u a l  on a l l  s i d e s  o f  t h e  r o o t #  T h e r e f o r e ,  
t h e  c o n c e n t r a t i o n  on t h e  low er  s i d e  o f  t h e  r o o t  fe l l^^  f  ^ 4. '' 
and  g ro w t h  once  more t o o k  p l a c e .  As a  r e s u l t  t h e  r o o t  
s t r a i g h t e n e d  an d  a g a i n  a t t a i n e d  a  s t a t e  o f  e q u i l i b r i u m  
w i t h  r e g a r d  t o  g ro w th  and  i t s  a u x i n  c o n t e n t .  D o Ik (193^^ 
e x p l a i n e d  a u t o t r o p i s m  i n  t h e  Avena c o l e o p t i l e  a lo n g  
t h e s e  l i n e s  and t h o u g h t  t h a t  t h e  amount o f  f o o d  s u b s t r a t e s  
a v a i l a b l e  were  v i t a l l y  c o n c e r n e d  i n  t h e  r e a c t i o n .
T h u s ,  i n  t e rm s  o f  D o lk ’s e x p l a n a t i o n ,  f o o d  s u b s t r a t e s  
w ere  u s e d  up  on t h e  c o n v e x  s i d e  o f  t h e  r o o t  d u r i n g  g e o t r o p i s m .  
Then ,  l a t e r , when t h e  a u t o t r o p i c  r e a c t i o n  b e g a n ,  t h i s  
s i d e  a l t h o u g h  h a v i n g  t h e  r i g h t  a u x i n  c o n c e n t r a t i o n  h ad  
l i t t l e  o r  no f o o d  and so  g rew  v e r y  s l o w l y .  The i n h i b i t o r y
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a u x i n  c o n c e n t r a t i o n  p r e s e n t  on th is  low er  s i d e  o f  t h e  
r o o t  as  a  r e s u l t  o f  g r a v i t a t i o n a l  s t i m u l a t i o n  h a d  p r e v e n t e d  
g r o w t h  so t h a t  t h i s  s i d e  s t i l l  c o n t a i n e d  much f o o d .
When t h e  a u t o t r o p i c  r e a c t i o n  b e g a n  and  t h e  a u x i n  c o n c e n t ­
r a t i o n  d e c r e a s e d  t o  n o rm a l  t h e  c e l l s  on t h e  low er  co n cav e  
s i d e  o f  t h e  r o o t  c o u l d  t h e r e f o r e  g row .  Thus t h e  r o o t  
s t r a i g h t e n e d .
The m os t  r e c e n t  work on t h e  s u b j e c t  o f  a u t o t r o p i s m  
by  L a r s e n  (1 9 5 3 )  s u g g e s t s  t h a t  t h e  s t r a i g h t e n i n g  o f  a  
g e o t r o p i c a l j y  i n d u c e d  c u r v a t u r e  i s  d e p e n d e n t  on t h e  r a t e  
a t  w h ich  t h e  r o o t  i s  r o t a t e d  s u b s e q u e n t  t o  s t i m u l a t i o n .
He fo u n d  t h a t  a t  v e r y  h i g h  r o t a t i o n  r a t e s  ( 0 . 5  m i n / r e v ) ,  
c u r v a t u r e  c o n t i n u e d  i n  t h e  o r i g i n a l  d i r e c t i o n .  At a  
speedr  o f  32 m i n / r e v .  c u r v a t u r e  g r a d u a l l y  d i s a p p e a r e d .
L a r s e n  p u t  f o r w a r d  t h e  c o n c e p t  t h a t  r o t a t i o n  on t h e  
k l a n o s t a t  does  n o t  e l i m i n a t e  t h e  i n f l u e n c e  o f  g r a v i t y  on 
a  r o o t ,  b u t  r a t h e r  r e s u l t s  i n  e q u a l  p e r c e p t i o n  o f  t h e  
s t i m u l u s  on  a l l  s i d e s  o f  t h e  r o o t .  S i n c e  t h e  r a t e  o f  
r o t a t i o n  and  n o t  i t s  d u r a t i o n  a f f e c t e d  g ro w th  h e  
c o n c lu d e d  t h a t  t h e  e f f e c t  o f  g r a v i t y  on t h e  d i r e c t i o n  
o f  g ro w th  o f  r o t a t e d  r o o t s  d ep e n d ed  on t h e  m a g n i tu d e  o f  
t h e  i n d i v i d u a l  s t i m u l i  a c t i v e  d u r i n g  one h a l f  o f  a  
r e v o l u t i o n  and n o t  on t h e i r  sum m ation  a s  r o t a t i o n  
p r o c e e d e d .  I n  r o o t s  w h ich  h a d  b een  g e o t r o p i c a l l y  s t i m ­
u l a t e d  and  w ere  t h e n  r o t a t e d  a t  h i g h  s p e e d s  t h e  c u r v a t u r e  
i n d u c e d  by  s t i m u l a t i o n  was u n a f f e c t e d  by  r o t a t i o n .
G r a v i t y  a p p e a r e d  t o  h a v e  l i t t l e  o r  né  i n f l u e n c e  on t h e
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g r o w t h  o f  s u c h  r o o t s .  The s t i m u l i  r e c e i v e d  d u r i n g  one 
h a l f  o f  a  r e v o l u t i o n  w ere  n o t  s t r o n g  enough t o  c a u s e  any 
r e a c t i o n  i n  t h e  r o o t .  The g r a v i t a t i o n a l  e f f e c t  was 
i n c r e ^ e d  i n  g e o t r o p i c a l l y  s t i m u . l a t e d  r o o t s  r o t a t e d  a t  
lo w er  s p e e d .  S t i m u l i  r e c e i v e d  by  s u c h  r o o t s  d u r i n g  h a l f  
a  r e v o l u t i o n  w ere  s t r o n g  enough  t o  i n i t i a t e  a  r e a c t i o n ,  
b u t  w h i l s t  o p p o s i n g  s t i m u l i  w ere  o f  t h e  same m a g n i tu d e ,  
t h o s e  a c t i n g  i n  t h e  d i r e c t i o n  o f  t h e  o r i g i n a l  s t i m u l u s  
h a d  t h e  l e a s t  p h y s i o l o g i c a l  e f f e c t  due t o  t h e  e x h a u s t i o n  
o f  some s y s t e m  n e c e s s a r y  f o r  f u r t h e r  g ro v / th .  The r o o t s  
a l t h o u g h  r e c e i v i n g  s y m m e t r i c a l  g r a v i t a t i o n a l  a t i m u l a t i o n  
c o u l d  o n l y  r e s p o n d  a s y m m e t r i c a l l y  and  s t r a i g h t e n i n g  t o o k  
p l a c e .
The b a s i c  c o n c e p t  b e h i n d  t h e  t h e o r i e s  o f  Do I k  and 
L a r s e n  i s  t h e  sam e .  Namely t h a t  d u r i n g  t h e  r e a c t i o n  t o  
t h e  u n i l a t e r a l  s t i m u l u s  o f  g r a v i t y  some s u b s t a n c e  or  
s y s t e m  c o n c e r n e d  i n  t h e  r e a c t i o n  becomes e x h a u s t e d  w i t h  
t h e  r e s u l t  t h a t  on s u b s e q u e n t  r o t a t i o n  a l l  p a r t s  o f  t h e  
r o o t  c a n n o t  r e a c t  u n i f o r m l y  t o  t h e  e q u a l  g r a v i t a t i o n a l  
s t i m u l u s .
The p r e s e n t  s t u d i e s  l e n d  some s u p p o r t  t o  t h e  
g e n e r a l  c o n c e p t s  o f  a u t o t r o p i s m  p u t  f o r w a r d  by  DoIk and 
L a r s e n .  (S ee  p©ge r |0  f o r  f u r t h e r  d i s c u s s i o n ) .
GIAPI-T 1 0 .  GEOT'^.OPIC 'lEACTIOIT I F  M T P J^ D  I J ^ T T .
( an d  t e m T ) o r a t u r e  e f f e c t  J .
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EXPERIMENTS AT DIFEERSITT LIGHT lETEHSITIES AKD TBIvIPERATURES,
E x p e r i m e n t s  w ere  c a r r i e d  o u t  t o  d i s c o v e r  w h e th e r  
d a y l i g h t  h a d  a n y  m arked  e f f e c t  on t h e  g e o t r o p i c  r e a c t i o n  
o f  t h e  r o o t s .  I t  was d u r i n g  t h e s e  e x p e r i m e n t s  t h a t  t h e  
e f f e c t  o f  t e m p e r a t u r e  was n o t e d .
A l l  e x p e r i m e n t s  w ere  done u s i n g  300 c c .  o f  g l a s s  
d i s t i l l e d  w a t e r  i n  e a c h  t a n k ,  a f t e r  s u b j e c t i n g  t h e  
h o r i z o n t a l  p e a  r o o t s  t o  40 m i n u t e s  g r a v i t a t i o n a l  s t i m ­
u l a t i o n  i n  m o i s t  a i r .  The p e a s  w ere  g row n ,  s e l e c t e d  and  
u s e d  as  p r e v i o u s l y  d e s c r i b e d , ( p a g e s  3 6 ,3 7  and  3 8 ) .
The f i r s t  expier im e n t  was c a r r i e d  o u t  w i t h  one t a n k  
o f  p ea s  i n  d a y l i g h t  and  t h e  s e c o n d  a .p p a r a tu s  i n  a. daxk  
room, v/here a  r e d  l i g h t  was u s e d  f o r  o b s e r v i n g  c u r v a t u r e s .  
R e s u l t s  seemed t o  i n d i c a t e  t h a t  g e o t r o p i c  c u r v a t u r e  was 
much g r e a t e r  i n  d a y l i g h t  t h a n  i n  t h e  d a z k ,  b u t  t h e n  t h e  
d i f f e r e n c e  i n  t e m p e r a t u r e  b e tw e e n  t h e  two rooms was 
n o t e d ,  ( s e e  g r a p h  1 0 ) .
A number o f  e x p e r i m e n t s  w ere  t h e n  done w i t h  one 
s e t  o f  pea.s i n  t h e  l i g h t  aÿ  room t e m p e r a t u r e  and  t h e  
s e c o n d  s e t  i n  t h e  l i g h t  a t  a  low t e m p e r a t u r e ,  ( s e e  g r a p h  l l ) .  
Here t h e  e f f e c t  o f  low t e m p e r a t u r e  i s  s e e n  t o  be to  
d e c r e a s e  t h e  r a t e  o f  g e o t r o p i c  r e a c t i o n  c o n s i d e r a b l y .
A s e co n d  s e t  o f  e x p e r i m e n t s  w ere  c a r r i e d  o u t ,  r e p e a t i n g  
t h e  above e x p e r i m e n t s ,  b u t  a t  t e m p e r a t u r e s  o f  20  and  
15 ®C. A t y p i c a l  s e t  o f  r e s u l t s  i s  sh o \m  i n  g r p p h  1 2 .
The e f f e c t  o f  r a i s i n g  t h e  t e m p e r a t u r e  f r o m  1 2 .5  t o  1 5 ° G
GR./LPH GEOTROPIG ''ŒACTIOÎT I F  LI G lET MED PARK AT THE
SAI-1E TEIIPP MATURE /
D a y l i g h t .
—  — Dajr h ♦
/ / / /  S t i m u l a t i o n  t i m e  ( 4 0  m i n u t e s )  
Temner a t u r e  1 8 . 5 ^ C •
Hi-,-:,::! I i itiiJJ
T im  (PO mm. to  1 h^j_r )
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i s  e a s i l j r  s e e n ,  (com pare  g r a p h s  11 and  1 2 ) .  The s p e e d  o f  
t h e  r e a c t i o n  was i n c r e a s e d  a s  was t h e  ^  numher o f  r o o t s  
o b s e r v e d  t o  c u r v e .
F i n a l l y ,  e x p e r i m e n t s  w ere  done a t  r o o tv  t e m p e r a t u r e  
w i t h  one s e t  o f  p e a s  i n  d a y l i g h t  and  t h e  s e c o n d  s e t  i n  
c o m p le t e  d a r k n e s s ,  e x c e p t  when r e a d i n g s  w ere  t a k e n  i n  
r e d  l i g h t .  The r e s u l t s  o f  two e x p e r i m e n t s  a r e  shown 
i n  g r a p h  1 3 .  Fo r e a l  d i f f e r e n c e  c o u l d  be d e t e c t e d  
b e tw e e n  t h e  c u r v a t u r e  o f  r o o t s  i n  l i g h t  and  d a r k .  
T h e r e f o r e ,  i t  d i d  n o t  seem  n e c e s s a r y  t o  t a k e  an y  s p e c i a l  
p r e c a u t i o n s  t o  e x c l u d e  l i g h t  f ro m  t h e  p e a  r o o t s  d u r i n g  
e x p e r i m e n t s . E x p e r i m e n t s  w e r e ,  h o w e v e r ,  a lw ays  c a r r i e d  
o u t  i n  t h e  d u l l e s t  c o r n e r  o f  t h e  r e s e a r c h  room and 
d i r e c t  s u n l i g h t  was a lw ay s  e x c l u d e d .  The t e m p e r a t n n e  
e f f e c t  was o b v i o u s l y  i m p o r t a n t ,  a s  more d e t a i l e d  work 
b y  Hawker (1 9 3 2 )  h a d  a l r e a d y  shown. When t h e  f i n a l  
a p p a r a t u s  was d e s i g n e d  a  t h e r m o s t a t i c a l l y  c o n t r o l l e d  
h e a t e r  was i n c l u d e d  t o  e n s u r e  t h a t  t h e  t e i i i p e r a t u r e  was 
k e p t  c o n s t a n t  d u r i n g  a l l  e x p e r i m e n t s ,  ( s e e  p ag e  •
D e t a i l e d  r e s u l t s  o f  a l l  e x p e r i m e n t s  d e s c r i b e d  
above  e x e  g i v e n  i n  t h e  a p p e n d i x  on p a g e s  L
CtR.\PH 14 . CT'OT^OPIC PPACTIOIT IN ^ÎOOTS TIE ATE D WITH 
10""'r,.T).m. I . A . A .  j\NE COffl'’OLS .
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HŒÎilMIKARY EXPERIMEl^ITS WITH I . A .A. AED 2 . 4 - D .
I . A . A .
E x p e r i m e n t s  u s i n g  t h e  d e s c r i h e d  t e c h n i q u e  v/ere
c a r r i e d  o u t  w i t h  r o o t s  t r e a t e d  vxith I . A . A .  a t  c o n c e n t r a t i o n s  
—2 —6
f r o m  10 t o  10 p . p . m .  i n  s t e p s  o f  l / l O t h  d i l u t i o n .  
E x p e r i m e n t s  a t  e a c h  c o n c e n t r a t i o n  w ere  r e p e a t e d  a t  l e a s t  
t h r e e  t i m e s  and  e a c h  was r u n  p a r a l l e l  w i t h  a  c o n t r o l  
e x p e r i m e n t  i n  w h ic h  t h e  r o o t s  w ere  r o t a t e d  i n  g l a s s  
d i s t i l l e d  w a t e r  a f t e r  g r a v i t a t i o n a l  s t i m u l a t i o n .  ' '
RESULTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  on p a g e s  ' L
A t y p i c a l  g r a p h  o f  t h e  c o u r s e  o f  t h e  g e o t r o p i c  r e a c t i o n  
i s  shown o p p o s i t e ^ f o r  e a c h  c o n c e n t r a t i o n  o f  I . A . A .  (See  
g r a p h s  1 4 , 1 5 , 1 6 , 1 7  and  1 8 ) .
At 10 p . p . m .  I . A . A .  c u r v a t u r e  was r e d u c e d  and b eg a n
l a t e r  t h a n  i n  c o n t r o l  r o o t s .  (G ra p h  1 4 ) .
-3
At 10 p . p . m .  I . A . A .  t h e  w ho le  c o u r s e  o f  t h e  r e a c t i o n  
i n  t h e  t r e a t e d  r o o t s  was much t h e  same a s  i n  c o n t r o l s .
( Gr aph. 15 ) ,
—4 ""5 —6
At 10 , 1 0  and  10 p . p . m .  I . A . A .  t h e  number o f
r o o t s  r e a c t i n g  was g r e a t e r  t h a n  i n  c o n t r o l s ,  b u t  c u r v a t u r e  
beg an  a t  t h e  same t i m e  a s  i n  c o n t r o l s . (G raphs  1 6 ,1 7  and 
1 8 ) .
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2 ; 4 . p .
-2  -5
C o n c e n t r a t i o n s  o f  2 . ,4 -D , f r o m  10 t o  10 p . p . m .  
w ere  u s e d  i n  s t e p s  o f  1 / lO th .  d i l u t i o n .
RESULTS.
-2
10 p . p . m .  2 ,4 -1 ) .  r e d u c e d  t h e  number o f  r o o t s  
o b s e r v e d  t o  c u r v e .
— 3 —4
T r e a t m e n t  w i t h  10 and  10 p . p . m .  2 , 4 - D .  r e s u l t e d  
i n  t h e  same t y p e  o f  r e a c t i o n  bjs i n  c o n t r o l  r o o t s .
10 p . p . m .  2 , 4 - D .  c a u s e d  an i n c r e a s e d  number o f  
r o o t s  t o  c u r v e  com pared  w i t h  c o n t r o l s .
I t  was c l e a r  f r o m  t h e  f o r e g o i n g  r e s u l t s  t h a t ,  c r u d e  
as  was t h e  m e thod  of  m e a s u r e m e n t ,  t h e  a u x i n  I . A . A .  and  
t h e  s y n t h e t i c  horm one  2 , 4 - D .  w ere  h a v i n g  a  m arked  e f f e c t  
ofi t h e  g e o t r o p i c  r e a c t i o n .  I t  was d e c i d e d  t h a t  t h e  
e f f e c t  was w o r t h y  o f  f u r t h e r  i n v e s t i g a t i o n .  A much 
im p ro v ed  t e c h n i q u e  was d e v i s e d  w h ic h  made p o s s i b l e ,  
am ongst  o t h e r  t h i n g s ,  t h e  a c c u r a t e  m e a su rem e n t  o f  t h e  
i n d i v i d u a l  a n g l e s  o f  t h e  r o o t s  and t h e i r  a c t u a l  g ro w th  
r a t e s  d u r i n g  g e o t r o p i s m .
F i g u r e  8 , DETAIIS OF T M K  HOLDERS COmECTED TO MOTOR. 
S i d e  v i e w  ( d i a g r a m m a t i c )





F i g u r e  8 . DETAIIS OF TAJTK HOLDERS CONFECTED TO MOTOR 
S i d e  v i e w  ( d i a g r a m m a t i c )
F i g u r e  8 a .  TANK IW HOLDER.




















m i N  GEOTROPIC EXPERIMENTS.
IKBIOVED AND FINAL TECHNIQUE.
ROTATION APPARATUS.
D e t a i l s  o f  m o to r  and  h o l d e r s . (Se e  f i g u r e s  8 , 8 a , 9 and  1 0 ) .
One m o to r  was u s e d  t o  r o t a t e  "both t a n k s  a t  e x a c t l y  
t h e  same s p e e d .  T h is  wa.s a c h i e v e d  "by means o f  a  s y s t e m  
o f  s p r o c k e t  w h e e l s  c o u p l e d  "by a  b i c y c l e  c h a i n .
An a l u m in iu m  a l l o y  s h e e t ,  ( f i g .  8 , A ) , 1 f o o t  l o n g  and 
4 i n c h e s  w i d e ,  was f a s t e n e d  v e r t i c a l l y  t o  t h e  m o t o r .  I t  was 
f i t t e d  n e a r  one  end  r o u n d  t h e  p o i n t  o f  a t t a c h m e n t  o f  t h e  
s p i n d l e , ( f i g . 8 , B ) ,  and  t h e  m a in  b o d y  o f  t h e  m o t o r , ( f i g . 8 , C ) .  
Two t a n k  h o l d e r s , ( f i g s  8 and  9,D^_ and  D^)» w ere  made o f  
a lu m in iu m  a l l o y  so  t h a t  t h e  tan lcs  f i t t e d  i n t o  th e m  e x a c t l y .  
Two s m a l l  f l a n g e s  w ere  r i v e t t e d  on eauch s i d e  o f  e a c h  h o l d e r  
t o  g r i p  t h e  w ide  s i d e s  o f  t h e  t a n k s  and  e n s u r e  t h a t  no s i d e ­
ways movement was p o s s i b l e  d u r i n g  r o t a t i o n .  F i g u r e  8 a  shows 
d e t a i l s  o f  a  t a n k  i n  a  h o l d e r .  E ah h  h o l d e r  was f i r m l y
b o l t e d  t o  two t h i c k  p i e e e s  o f  D u ra lu m in iu m ,  ( f i g . 8 , Em ,
l a n d  2
Eg^ , _ ) ,  a t  t h e  end  w h ic h  was t o  be  n e a r e s t  t h e  m o t o r .
^1 and 2
The two p i e c e s  o f  D u ra lu m in iu m  w ere  h e l d  p a r a l l e l  t o  e a c h  
o t h e r  and a t t a c h e d  by  t h i n n e r  p i e c e s  o f  Dur a lu m in iu m  and lo n g  
b o l t s  t o  t h e  r e a r  w h e e l  h u b  o f  a  b i c y c l e ,  ( f i g .  8 , F ) .
The w h e e l  h u b  h a d  h o l e s  d r i l l e d  i n  i t  and  t h e  l o n g  b o l t s  
p a s s e d  r i g h t  t h r o u g h  i t  and h e l d  t h i s  p a r t  o f  t h e  a p p a r a t u s  
r i g i d .  The b a c k  o f  t h e  w h e e l  h u b  was c o n n e c t e d  t o  a  
s p r o c k e t  w h e e l  w h ic h  was f i r m l y  b o l t e d  t o  t h e  u p r i g h t
ROTAT I OIT APPARATUS,
F ig u re  9 . DIAGRAMMATIC VERTICAL SECTION.
o-
t—1 —1
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KEY TO'FIGTJRB8 8 .  9 AND 1 0 . 
A— A lum in ium  a l l o y  s h e e t .
B—S p i n d l e  o f  m o t o r ,
C— l l o t o r ,
2 — Tank h o l d e r s .
1 and  2 D u ra lu m in iu m .
E.
1 and  2 
E — R e a r  w h e e l  h u h .
Cr— S p r o c k e t  w h e e l .
H--- S m a l l e r  s p r o c k e t  w h e e l ,  
I"*— C one .
J — G la s s  s h e e t .
K — B a r .
L— W atch$
II— B a f f l e s .
S w i t c h h o a r d .
0 — Box b e n e a t h  c a m e ra .
P — Cam era .
Q,—  R o t a t i n g  c a r r i e r  f o r  
• c a m e r a .
R—  T h e rm o m e te r ,
S —  P e r s p e x  window,
T "  S i d e  o f  box  w h ic h  c o u l d  
be  o p e n e d .
¥ — B Jack  s c r e e n ,
X— 100  w a t t  l i g h t ,
— T h e r m o s t a t .
Yg— H e a t e r ,
Z— Box e n c l o s i n g  k l i n o s t a t .
V—  B i c y c l e  c h a i n .
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s u p p o r t , ( f i g ,  8 , G and  A ) ,
Two s u c h  h o l d e r s  p l u s  hubs  and  i d e n t i c a l  s p r o c k e t  
w h e e l s  w ere  b o l t e d  one .above t h e  o t h e r  o n to  t h e  a lu m in iu m  
a l l o y  s u p p o r t , A ,  A t h i r d ,  s m a l l e r  s p r o c k e t  w h e e l , ( f i g .  8 ,H ) ,  
was f i r m l y  f i x e d  r o u n d  t h e  s p i n d l e  o f  t h e  m oto r  so t h a t  
i t  l a y  v e r t i c a l l y  b e n e a t h  t h e  o t h e r  two w h e e l s .  The 
t h r e e  s p r o c k e t  w h e e l s  w ere  c o n n e c t e d  b y  a  l e n g t h  o f  
b i c y c l e  c h a i n , ( f i g .  Qf Y^»  The p o s i t i o n  o f  t h e  main s u p p o r t  
was a d j u s t e d  so  t h a t  t h e  s p r o c k e t  w h e e l s  w ere  t h e  r i g h t  
d i s t a n c e  a p a r t  t o  e n s u r e  t h a t  t h e r e  was no " p l a y "  i n  t h e  
c h a i n .  The h o l d e r s  w ere  a l s o  a d j u s t e d  u n t i l  t h e y  w ere  
e x a c t l y  i n  l i n e  w i t h  e a c h  o t h e r ,  e n s u r i n g  t h a t  b o t h  t a n k s  
w ould  be v e r t i c a l  a t  t h e  same t i m e .
¥ h e n  t h e  s p i n d l e , ( f i g .  8 , B ) ,  was r o t a t e d  b y  t h e  
m o to r ,  t h e  s p r o c k e t  w h e e l ,  H, b e i n g  so  t i g h t l y  f i x e d  t o  
i t ,  a l s o  r o t a t e d ,  t h e  c h a i n  was moved and  h e n c e  t h e  o t h e r  
s p r o c k e t  w h e e l s  r o t a t e d  t h e  t a n k s  a t  c o n s t a n t  s p e e d .
E i g u r e s  9 and  10  s h o w - t h e  c o m p le t e  a p p a r a t u s ,  
i n c l u d i n g  t h e  c a m e ra .  The t a n k s  and  m otor  w ere  c o m p l e t e l y  
e n c l o s e d  i n  a  b l a c k  b o x ,  ( f i g s . 9 and 1 0 , Z ) ,  excep. t  f o r  
t h e  s i d e  n e a r e s t  t h e  c o n e .  I ,  w here  t h e r e  was a  s h e e t  o f  
good q u a l i t y  p l a t e  g l a s s ,  ( f i g .  1 0 , J ) .  P h o to g ra p h s ,  w ere  
t a k e n  o f  g r a p h  p a p e r , p l a c e d  i n  t h e  p o s i t i o n s  n o r m a l l y  = 
o c c u p i e d ^ b y  t h e  r o o t s ,  w i t h  and w i t h o u t  t h e  g l a s s  and 
i t  was f o u n d  t h a t  t h e  i n t r o d u c t i o n  o f  t h e  g l a s s  be tw een  
t h e  pa,per and  t h e  cam era  c a u s e d  no p h o t o g r a p h i c  d i s t o r t i o n .
The a p p a r a t u s  was e n c l o s e d  b e c a u s e  i t  was k e p t  a t  a
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t e m p e r a t u r e  o f  b e tw e e n  23 and  25°G b y  means o f  a  th e rm o ­
s t a t i c a l l y  c o n t r o l l e d  e l e c t r i c  h e a t e r .  The t h e r m o s t a t ,  
( f i g .  9 , ) ,  was o f  t h e  b i m e t a l l i c  s t r i p  t^^pe. The 
h e a t e r , ( f i g .  1 0 , Y ^) ,  was a  low w a t t a g e  h e a t i n g  e l e m e n t
•i.
e n c l o s e d  by  a  g l a s s  t u b e  and was o f  t h e  t y p e  n o r m a l l y
(
u s e d  t o  h e a t  a q u a r i u a # ' .
At t h e  s i d e  o f  t h e  t a n k s  n e a r e s t  t h e  c a m era  was a  
100 w a t t s  l i g h t , ( f i g s .  9 and 1 0 , X ) .  T h is  was o n l y  
s w i t c h e d  on wlien p h o t o g r a p h s  w ere  t a k e n ,  f o r  a b o u t  
3 s e c o n d s  o u t  o f  e v e r y  10 m i n u t e s .
B eh in d  t h e  t a n k s  a  b l a c k  s c r e e n ,  ( f i g s  9 and 1 0 , ¥ ) ,  
was p l a c e d  p a r a l l e l  t o  t h e  i n c i d e n t  l i g h t  f r o m  t h e  100 
w a t t s  lam p, so  t h a t  as  l i t t l e  l i g h t  a s  p o s s i b l e  was 
r e f l e c t e d  f ro m  b e h i n d  t h e  r o o t s  i n t o  t h e  c a m e r a .  The 
u s e  o f  t h e  s c r e e n  t h u s  gave  t h e  maximum c o n t r a s t  b e tw e e n  
t h e  r o o t s  and t h e i r  b a c k g ro u n d  on t h e  p h o t o g r a p h s .
Above t h e  t a n k s  was a  b a r , ( f i g s . 8 and  9 , K ) ,  w h ich  
was a l s o  a t t a c h e d  a t  one end  t o  t h e  main  s u p p o r t ,  A.
A w a t c h , ( f i g s ,8  and  8 , L ) ,  was p l a c e d  i n  p o s i t i o n  on t h e  
b a r  t o  g i v e  a  p e rm a n e n t  r e c o r d  o f  t i m e  on t h e  p h o t o g r a p h s .  
Above i t  c o u l d  be p l a c e d  a  l a b e l  o f  t h e  d a t e ,  t y p e  and  
d e t a i l s  o f  t h e  e x p e r i m e n t  f o r  i n c l u s i o n  i n  t h e  f i r s t  
p h o t o g r a p h .  The t h e r m o s t a t , ( f i g .  8 , Y ^ ) ,  was a l s o  f i x e d  
t o  t h i s  b a r .
One s i d e  o f  t h e  b o x , ( f i g .  1 0 , T ) ,  c o u l d  be c o m p l e t e l y  
opened  when n e c e s s a r y  f o r  t h e  p o s i t i o n i n g  o f  t h e  t a n k s ,  
w a tc h ,  e t c . .  The t a n k s  c o u l d  be v ie w e d  t h r o u g h  a  s m a l l
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P e r s p e x  v7indow|in t h i s  s i d e  o f  t h e  b o x ,  ( f i g .  1 0 , S ) ,  i n  
o r d e r  t o  a s c e r t a i n  t h a t  t h e y  were  a lw ay s  e x a c t l y  v e r t i c a l  
when a  p h o t o g r a p h  was t a k e n .
The m o t o r , h e a . t e r  and l i g h t  w ere  a l l  i n d e p e n d e n t l y  
c o n t r o l l e d  f r o m  a  s w i t c h b o a r d ,  ( f i g .  9 , ît) ,  a t t a c h e d  t o  t h e  
s i d e  of  t h e  b o x  w h ich  h e l d  t h e  c a m e ra .
Between t h e  cam era  and  t h e  b ox  e n c l o s i n g  t h e  t a n k s  
was a  b l a c k  cone  s h a p e d  h o o d ,  ( f i g s .  9 and 1 0 ,1  ) ,  made t o  
e x c l u d e  a l l  l i g h t  e x c e p t  t h a t  e n t e r i n g  t h r o u g h  a  
v e r t i c a l  s l i t  on t h e  s i d e  a d j a c e n t  t o  t h e  s h e e t  o f  g l a s s , J .  
A p a i r  o f  b a f f l e s , ( f i g .  1 0 , M), i n s i d e  t h e  cone  p r e v e n t e d  
t o  some e x t e n t  an y  s c a t t e r e d  l i g h t  f r o m  r e a c h i n g  t h e  
cam era  and  s p o i l i n g  t h e  p l a t e .  The cone  was a t t a c h e d  
a t  i t s  n a r r o w  end t o  t h e  b o x ,  ( f i g s  9 and  1 0 , 0 ) ,  b en e a t h  
t h e  ooaaoray ■3>, and was s u p p o r t e d  a t  t h e  wide end  on t h e  
b e n c h .  The n a r r o w  end  o f  t h e  cone was o p e n  and a p p l e  ce  
o f  "b l a c k  o u t "  m a t e r i a l  was p l a c e d  o v e r  t h i s  p a r t  o f  t h e  
cone and t h e  ca m e ra  t o  p r e v e n t  an y  l i g h t  e n t e r i n g  t h e  
ca m era  a t  t h i s  p o i n t .  The cam era  was f o c u s s e d  t h r o u g h  
t h e  v e r t i c a l  s l i t  o n to  t h e  p a r t  o f  t h e  r o o t s  b e i n g  
i n v e s t i g a t e d ,  t h a t  i s ,  f r o m  t h e  r o o t  t i p s  t o  j u s t  b e h i n d  
t h e  zone i n  w h ic h  t h e  g e o t r o p i c  c u r v a t u r e  t o o k  p l a c e .
The r e m a i n i n g  p a r t  o f  t h e  r o o t s  and t h e  c o t y l e d o n s  were 
n o t  i n c l u d e d  i n  t h e  p h o t o g r a p h s  s i n c e  t h e y  were  b e h in d  
t h e  g e o t r o p i c a l l y  a c t i v e  z o n e .
The p l a t e  earner a ,  ( f i g s  • 9 and 1 0 , P ) ,  was f i x e d  t o  a  
r o t a t i n g  c a r r i e r , ( f i g s  9 and  1 0 , Q),  wliich was p i v o t e d  a t
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a  p o i n t  b e l o w ‘t h e  cam era  l e n s .  The r o t a t i n g  c a r r i e r  
c o u l d  b e " m o v e d .o v e r  a  g r a d u a t e d  s c a l e  on t h e  b o x ,  ( f i g . 1 0 , 0 ) .  
% e n  a  p h o t o g r a p h  h a d  b een  t a k e n ,  t h e  p o i n t e r  was moved 
t h r o u g h  one g r a d u a t i o n ,  t h u s  b r i n g i n g  a  new and  u n e x p o s e d  
p o r t i o n  o f  t h e  p h o t o g r a p h i c  p l a t e  i n t o  l i n e  f o r  t h e  n e x t  
p h o t o g r a p h .  S i n c e  a l l  e x t r a n e o u s  l i g h t  was e x c lu d e d  by  
t h e  c o n e ,  t h e  r e s u l t i n g  p l a t e  c o n s i s t e d  o f  a  s e r i e s  o f  
v e r t i c a l  p h o t o g r a p h s  o f  t h e  r o o t s  a t  known t i m e  i n t e r v a l s .  
P h o to g r a p h s  o f  a  t y p i c a l  e x p e r i m e n t  a r e  shown o p p o s i t e .
The t a n k s  were  r o t a t e d  a t  a  s p e e d  o f  one c o m p le te  
r e v o l u t i o n  e v e r y  5 m i n u t e s .  T h i s  s p e e d  c a u s e d  no a u to n o m ic  
c u r v a t u r e  i n  t h e  r o o t s  and  c l e a r  p h o t o g r a p h s  c o u l d  be 
ta lcen  w i t h o u t  any  b l u r r i n g  due t o  t h e  r o t a t i o n  movement.
Kodak L i g h t n i n g  Pan P r e s s  p l a t e s  P e l5 0 0 s w e r e  u s e d  
a t  f  . 8  and  l / l O t h  s e c o n d  e x p o s u r e  and v e r y  s a t i s f a c t o r y  
images  o f  t h e  r o o t s  w ere  o b t a i n e d .  The p l a t e s  were  
d e v e l o p e d  i n  Kodak d e v e l o p e r  L .6 1 a  and f i x e d  i n  K . P . 5 4 .
The n e g a t i v e s ,  s u i t a b l y  b a c k e d  w i t h a a  c l e a r  g l a s s  p l a t e ,  
w ere  u s e d  f o r  a l l  m e asu rem e n ts  made i n  t h e  s t u d y  o f  g ro w th  
and  c u r v a t u r e  d u r i n g  t h e  g e o t r o p i c  r e a c t i o n .
I t  was f o u n d  t h a t  t h e  c a m e ra  l e n s  c a u s e d  d i s t o r t i o n  
o f  t h e  p h o t o g r a p h s  t a k e n  to w a r d s  t h e  ed g es  o f  t h e  p l a t e .
The l e n g t h  o f  a  r o o t  was i n c r e a s e d  b y  89?» i n  s u c h  p h o t o ­
g r a p h s  com pared  w i t h  t h e  same l e n g t h  p h o to g r a p h e d  a t r t h e  
c e n t r e  o f  t h e  p l a t e .  T h e r e f o r e ,  o n l y  t h e  c e n t r a l  
p o r t i o n  o f  e a ch  p l a t e  was u s e d  and  a  c o r r e c t i o n  wa.s made
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t o  a l l  m e asu re m e n ts  f o r  t h e  s m a l l  emount o f  d i s t o r t i o n  
o c c u r r i n g  h e r e .  (See  page  f o r  d e t a i l s  o f  t h e  c o r r e c t i o n . )
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TEE GBQWTH OF THE) EGAS,
O r i g i n a l l y ,  t h e  p e a s  w ere  soalced i n  r u n n i n g  t a p  w a t e r .  
T h is  m ethod  r e s u l t e d  i n  a d e q u a t e  s w e l l i n g  and c o n s e q u e n t  
g e r m i n a t i o n  o f  t h e  p e a s ,  h u t  i t  was f e l t  t h a t ,  d u r i n g  
soaJ{ing t h e  p e a s  s h o u l d  he s u p p l i e d  w i t h  oxygen  as w e l l  
as w a t e r  i f  n o rm a l  g ro w th  was t o  t a k e  p l 0. e e .  The 
f o l l o w i n g  8 .p p a ra tu s  was t h e r e f o r e  c o n s t r u c t e d ,  ( s e e  f i g . l l ) .
A p r e s s u r e  pump was a t t a c h e d  t o  a  c o l d  w a t e r  t a p .  
t h e  s i d e  arm o f  t h e  pump was c o n n e c t e d  t o  t h e  p r e s s u r i s e d  
a i r  s u p p l y  and t h e  o u t l e t  o f  t h e  pump was c o n n e c t e d  hy  
r u h h e r  t u h i n g  to  t h e  s o a k i n g  a p p a r a t u s ,  w h ich  was h e l d  
f i r m l y  i n  two c l a m p s .
The s o a k i n g  a p p a r a t u s ,  c o n s i s t e d  o f  an o u t e r  g l a s s  
t u h e  w i t h  a  s i d e  arm t o  w h ich  t h e  t u h e  f ro m  t h e  pump was 
c o n n e c t e d .  A l o n g ,  and  n a r r o w e r ,  g l a s s  t u h e  was h e l d  
i n s i d e  t h e  w id e r  t u h e  hy means o f  two r u h h e r  h u n g s ,  A 
and  B. Bung B was n o rm a l  and m e r e l y  s e r v e d  t o  h l o c k  t h e  
end o f  t h e  w id e r  t u h e .  Bung A h a d  s l o p i n g  g r o o v e s  c u t  
a l l  r o u n d  t h e  o u t s i d e , ( s e e  f i g .  1 2 ) .  The i n n e r  g l a s s  
t u h e  was made l o n g  enough, t o  r e a c h  a l m o s t  t o  t h e  t o p  
o f  t h e  i n v e r t e d  c o n i c a l  f l a s k  when t h e  o u t e r  t u h e  was 
f i t t e d  i n t o  t h e  n eck  o f  t h e  f l a s k  h y  means o f  a  r u h h e r  
g a s k e t .
When t h e  a p p a r a t u s  was u s e d ,  t h e  r q u i r e d  number o f  
p ea s  w e re  p l a c e d  i n  t h e  c o n i c a l  f l a s k ,  t h e  g l a s s  t u h e s  
were f i t t e d  i n t o  p l a c e  and t h e  whole  a p p a r a t u s  was
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i n v e r t e d .  W ate r  and  a i r  were t h e n  t u r n e d  on and t h i s  
m i x t u r e  e n t e r e d  t h e  w ide  g l a s s  t u b e ,  p a s s e d  up t h r o u g h  
t h e  g r o o v e s  i n  bung A, ( t h u s  d i s t r i b u t i n g  t h e  a i r  b u b b l e s  
f a i r l y  e v e n l y ) ,  p a s s e d  t h r o u g h  t h e  p e a s  and  down t h e  i n n e r  
g l a s s  t u b e .  The w a s t e  m i x t u r e  wa.s l e d  o f f  doim t h e  s i n k  
by  a  s h o r t  p i e c e  o f  r u b b e r  t u b i n g  a t t a c h e d  t o  t h e  end 
o f  t h e  i n n e r  g l a s s  t u b e .
T h i s  m ethod  o f  s o a k i n g  t h e  p e a s  i n  a e r a t e d ,  r u n n i n g  
w a te r  p r o d u c e d  a l m o s t  c o m p le t e  and u n i f o r m  g e r m i n a t i o n ,  
w h ic h  was n e v e r  o b t a i n e d  by  t h e  p r e v i o u s  m e th o d .  As 
w e l l  as  s u p p l y i n g  a i r  and  w a t e r  s a t i s f a c t o r i l y  t o  t h e  
p e a s ,  t h e  a p p a r a t u s  made p o s s i b l e  an econêmy i n  t h e  amount 
o f  w a t e r  u s e d .  I t  was n o t  n e c e s s a r y  t o  h av e  t h e  t a p  
t u r n e d  f u l l  on i n  o r d e r  t o  purç) a i r  t h r o u g h  t h e  p e a s  
s i n c e  t h e  a i r  was c o n t i n u a l l y  b e i n g  f o r c e d  t h r o u g h  f ro m  
t h e  p r e s s u r i s e d  a i r  s u p p l y .
- V
A f t e r  s o a k i n g  t h e  p e a s  f o r  24 h o u r s  t h e y  were  p l a n t e d  
i n  m o i s t  s a n d  i n  s h a l l o w  e a r t h e n w a r e  p o t s .  The s a n d  and 
p o t s  w ere  w ashed  and  s t e r i l i z e d  i n  t h e  a u t o c l a v e  once  e v e r y  
t h r e e  w e e k s .  S i n c e  s t r a i g h t  r o o t s  w ere  r e q u i r e d  f o r  t h e  
e x p e r i m e n t s ,  c a r e  was; t a k e n  t o  e n s u r e  t h a t  a s  f a r  as  
p o s s i b l e  e a c h  p e a  was p l a n t e d  i n  s u c h  a  way t h a t  t h e  
r a d i c l e , o n  b r e a k i n g  t h r o u g h  t h e  t e s t a ,  g rew  w i t h o u t  
e n c o u n t e r i n g  a n y t h i n g  w h ic h  w ould  c a u s e  i t  t o  d e v i a t e  
f ro m  a  s t r a i g h t ,  downwards c o u r s e .  The m o i s t  s a n d  wa.s 
made l i g h t e r  and  a e r a t e d  by  s t i r r i n g  w i t h  a  g l a s s  r o d
54
and t h e n ,  as p r e v i o u s l y  d e s c r i b e d ,  t h e  p e a s  w ere  p l a n t e d  
w i t h  t h e  r a d i c l e s  p o i n t i n g  v e r t i e a l l y  dov/nwards i n  h o l e s  
made w i t h  t h e  r o d .  About 400 p e a s  were  p l a n t e d  f o r  e a c h  
e x p e r i m e n t  and f r o m  t h e s e  t h e  p e a s  t o  be  u s e d  w ere  l a t e r  
r i g i d l y  s e l e c t e d  f o r  u n i f o r m  r o o t  l e n g t h  and s t r a i g h t n e s s .  
Each  p o t  o f  p e a s  was s t o o d  i n  an a lu m in iu m  t r a y  c o n t a i n i n g  
g l a s s  d i s t i l l e d  w a t e r .  E ach  p o t  was c o v e r e d  w i t h  a  g l a s s  
s h e e t  t o  k ee p  t h e  s a n d  and p e a s  m o i s t  and t h e  p o t s  w ere  
p l a c e d  i n  t h e  d a r k  a t  a  c o n s t a n t  t e m p e r  a t u r e  o f  25°C.
O r i g i n a l l y  t h e  p e a s  h a d  b een  grown i n  s a n d  f o r  
42 h o u r s  and  t h e n  t r a n s f e r r e d  s t r a i g h t  t o  t h e  t a n k s  and 
u s e d  i m m e d i a t e l y  i n  an e x p e r i m e n t .  O b j e c t i o n s  t o  t h i s  
m ethod  w e r e : -
a )  The n e c e s s a r y  h a n d l i n g  o f  t h e  p e a s  m ig h t  d i s t u r b  
t h e i r  g r o w th  so  t h a t  t h e y  h ad  no t i m e  t o  s e t t l e  dov/n t o  
n o rm a l  g ro w th  b e f o r e  t h e  e x p e r i m e n t  was s t a r t e d .
b )  The horm one s o l u t i o n s  h a d  no t im e  t o  penè tr ,è . te i ; ' the  
r o o t s  b e f o r e  g e o t r o p i c  s t i m u l a t i o n  was g i v e n .
These  o b j e c t i o n s  were  ov erco m e ,  i n  t h e  f i r s t  p l a c e ,  
by  g ro w in g  t h e  p e a s  i n  s a n d  f o r  24 h o u r s  o n l y  and t h e n  
s e l c t i n g  t h o s e  w h ich  were  s t r a i g h t  and  t h e  r e q u i r e d  
l e n g t h ,  ( 1 - 1 . 5  c m . ) .  The t e s t a s  w ere  removed f ro m  t h e s e  
p e a s  b e c a u s e  t h e y  were b e l i e v e d  t o  h a r b o u r  manjr b a c t e r i a .  
S i n c e  I . A . A .  was u s e d  i n  many e x p e r i m e n t s  i t  seem ed w i s e s t
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t o  t a k e  t h i s  p r e c a u t i o n  b e c a u s e  mt i s  so  e a s i l y  a t t a c k e d  
by  b a c t e r i a .  A f t e r  r e m o v a l  o f  t h e  t e s t a ,  e a c h  p e a  was 
washed  i n  g l a s s  d i s t i l l e d  w a t e r  and  p l a c e d  i n  t h e  P e r s p e x
f i g u r e  1 3 .  TAMK WITH EE AS.
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h o l d e r  i n  one o f  t h e  g l a s s  t a n k s .  T h ro u g h o u t  t h e  o p e r a t i o n  
t h e  r a d i c l e  was n o t  t o u c h e d .  As u s u a l ,  e a c h  r o o t  was 
t h r e a d e d  t h r o u g h  a  h o l e  i n  t h e  h o l d e r  so  t h a t  t h e  two 
c o t y l e d o n s  w ere  be low  i t  when t h e  t a n k  was h o r i z o n t a l .
The r e l a t i v e  p o s i t i o n  o f  r o o t  and c o t y l e d o n s  was a lw ays  
k e p t  c o n s t a n t .
p
The h o l e s  i n  t h e  P e r ^ e x  h o l d e r s , t h r o u g h  w h ic h  t h e  
r o o t s  w ere  t h r e a d e d ,  were  l a r g e  enough  t o  e n s u r e  t h a t  t h e  
r o o t s  w ere  n o t  p i n c h e d .  The u p p e r  and  low er  ed g es  o f  e a c h  
h o l e  w ere  r o u n d e d  o f f  to  p r e v e n t  them  f ro m  c u t t i n g  o r  
dam aging t h e  r o o t s .
Two t a n k s  w ere  p r e p a r e d  w i t h  a b o u t  t w e n t y  p e a s  i n  
e a c h .  One t a n k  was f i l l e d  w i t h  t h e  r e q u i r e d  hormone 
s o l u t i o n  and t h e  s e c o n d  w i t h  g l a s s  d i s t i l l e d  w a t e r T h e  
c o t y l e d o n s  and o l d e r  p a r t d  o f  t h e  r o o t s  w ere  above  t h e  
l e v e l  o f  t h e  l i q u i d ,  so t h a t  t h e y  c o u l d  o b t a i n  o x y g en .
(See  f i g .  1 3 ) .  Ea.ch t a n k  was c o v e r e d  w i t h  a  l a r g e r ,  
i n v e r t e d  t a n k  t o  k e e p  t h e  a tm o s p h e r e  r o u n d  t h e  c o t y l e d o n s  
damp and t h e  t a n k s  w ere  k e p t  i n  t h e  d a r k  a t  2 5 ® G ,o v e r n i g h t .
T h i s  m ethod  o f  g ro w in g  t h e  p e a s  was f a i i l y  s u c c e s s f u l *
> f-T
The d i f f i c u l t i e s  o f  h a n d l i n g  and hormone p e n e t r a t i o n  h ad  
b ee n  overcom e and t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  
b e tw e e n  t h e  l e n g t h  o f  r o o t s  grov/n i n  s a n d  and  t h o s e  grown 
i n  w a t e r  o v e r n i g h t .  Soon a f t e r  t h i s  t e c h n i q u e  was s t a r t e d  
h o w e v e r ,  t h e  a n t i - a u x i n  E .M .S .P .  was u s e d  i n  geo t r o p i c  
e x p e r i m e n t s .  I t  was f o u n d  t h a t  d u r i n g  t h e  n i g h t ,  i n  some 
c o n c e n t r a t i o n s  o f t t h i s  compound, t h e  r o o t s  g rew  to o  lo n g
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and became u n w i e l d y  f o r  u s e  i n  t h e  e x p e r i m e n t  n e x t  d ay .
The f o l l o w i n g  m o d i f i c a t i o n  was t h e r e f o r e  em p lo y ed .
I n s t e a d  o f  g ro w in g  t h e  r o o t s  o v e r n i g h t  i n  t h e  hormone or  
a n t i - a u x i n  s o l u t i o n ,  t h e y  w ere  a l l  grov/n i n  g l a s s  d i s t i l l e d  
w a t e r .  On t h e  d ay  o f  t h e  e x p e r i m e n t ,  t h o s e  r o o t s  w h ich  
w ere  n o t  s t r a i g h t  were  d i s c a r d e d  and  o n l y  t h o s e  w h ich  were  
a b s o l u t e l y  s t r a i g h t  and u n i f o r m  i n  l e n g t h  w ere  u s e d  i n  
t h e  e x p e r i m e n t .  E i g h t  t o  t e n  p e a s  w ere  u s u a l l y  l e f t ,  
f a i r l y  e v e n l y  s p a c e d  a c r o s s  t h e  w i d t h  o f  t h e  t a n k .  The 
r o b t s  w ere  4 - 4 . 5  cm. lo n g  when u s e d .  O f t e n ,  more p e a s  
h a d  gro\'/n s a t i s f a c t o r i l y  and  c o u l d  h a v e  been  u s e d ,  b u t  
i t  was f o u n d  t h a t  i f  t h i s  was d o n e ,  t h e  r o o t s  w ere  i o o  
c l o s e  t o g e t h e r  and  d u r i n g  r o t a t i o n  w ere  l i a b l e  t o  i n t e r f e r e  
w i t h  e a c h  o t h e r  aiid p r o v e  u s e l e s s .  The g l a s s  d i s t i l l e d  
w a te r  was d r a i n e d  o u t  o f  e a c h  t a n k  and r e p l a c e d  by  300 c c .  
o f  f r e s h  g l a ^ s  d i s t i l l e d  w a t e r  i n  t h e  t a n k  c o n t a i n i n g  
t h e  p e a s  t o  be u s e d  a s  c o n t r o l s  and  300 c c .  o f  t h e  
s o l u t i o n  b e i n g  i n v e s t i g a t e d  i n  t h e  e x p e r i m e n t a l  t a n k .
G la s s  wool  was c a r e f u l l y  p a c k e d  above t h e  p e a s  i n  e a c h  
t a n k  t o  h o l d  them  g e n t l y  i n  p l a c e  and  p r e v e n t  an y  movement.  
G la s s  wool  was u s e d  i n  p r e f e r e n c e  t o  c o t t o n  wool  b e c a u s e  
t h e  l a t t e r  became v e r y  h e a v y  and m a t t e d  t o g e t h e r  when w e t .
A s m a l l  amount '  o f  v a s e l i n e  sm e a red  r o u n d  t h e  edge  o f  t h e  
Tank h e l d  t h e  g l a s s  l i d  on f i r m l y .  To e n s u r e  t h a t  t h e  
l i d  d i d  n o t  move o r  become l o o s e ,  s t r i p s  o f  S e l o t a p e  w ere  
s t r e t c h e d  t i g h t l y  f ro m  t h e  l i d  down e a c h  s i d e  o f  e a c h  
t a n k .  A w h i t e  b a s e  l i n e  was drawn a b o u t  .5 cm b e h i n d
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t h e  r o o t  t i p s ,  on t h e  s i d e  o f  e a c h  t a n k  w h ic h  was n e a r e s t  
t h e  ca m era  when p h o t o g r a p h s  w ere  t a k e n .  T h i s  l i n e  s e r v e d  
a s  a  h a s e  l i n e  f o r  a l l  g ro w th  m e asu rem e n ts  made f ro m  t h e  
p h o t o g r a p h s .  The two t a n k s  w ere  t h e n  p l a c e d  i n  t h e  
h o l d e r s  o f  t h e  r o t a t i o n  a p p a r a t u s .  % e n  t h e  t a n k s  were  
i n  t h e  h o l d e r s ,  t h e  r o o t s  w ere  h o r i z o n t a l .
ROTATIONS
The t a n k s  were  r o t a t e d  f o r  3 h o u r s  p r i o r  t o  s t i m ­
u l a t i o n  t o  a l l o w  t h e  hormone o r  a n t i - a u x i n  s o l u t i o n  t o  
p e n e t r a t e  i n t o  t h e  r o o t s .  D u r in g  t h i s  t i m e ,  p h o to g r a p h s  
w ere  t a k e n  once  e v e r y  h o u r  f o r  d e t e r m i n a t i o n  og t h e  
p r e - s t i m u l a t i o n  g ro w th  r a t e s  o f  t h e  r o o t s .  D u r in g  e v e r y  
r o t a t i o n ,  t h e  r o o t s  w ere  b a t h e d  i n  s o l u t i o n  f o r  a p p r o x ­
i m a t e l y  2 . 5  m i n u t e s  o u t  o f  e v e r y  5 m i n u t e s .  (See  f i g .  14(). 
Thus t h e  s o l u t i o n  c o u ld  e n t e r  t h e  r o o t s  and t h e  r o o t s  
c o u ld  o b t a i n  o x y g e n .  At t h e  end o f  t h e  3 h o u r  p e r i o d ,  
t h e  m o to r  was s t o p p e d  when t h e  t a n k s  w ere  v e r t i c a l ,  w i t h  
t h e  p ea s  on t h e  s i d e  n e a r e s t  t h e  ca m era  i n  e a c h  t a n k .  
W a te r  and s o l u t i o n  w ere  s i p h o n e d  o u t  o f  t h e  t a n k s  t h r o u g h  
t h e  h o l e  i n  e a c h  g l a s s  l i d  and t h e  h o r i z o n t a l  r o o t s  were 
s t i m u l a t e d  g e o t r o p i c a l l y  i n  m o is t  a i r  f o r  40  m i n u t e s .  
Towards t h e  end o f  t h e  40 m i n u t e s ,  f r e s h  g l a s s  d i s t i l l e d  
w a t e r  o r  a p p r o p r i a t e  s o lu t io j i i  was p i p e t t e d  i n t o  t h e  
a p p r o p r i a t e  t a n k  and t h e  l i d s  w ere  co rk e d  u p .  A f t e r  
e x a c t l y  40 m i n u t e s ,  t h e  m otor  was s t a r t e d  and r o t a t i o n
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c o n t i n u e d .  Then p h o t o g r a p h s  were t a k e n  e v e r y  10 m i n u t e s ,  
t h a t  i s  e v e r y  two r o t a t i o n s ,  w h i l s t  t h e  r o o t s  c u r v e d  t o  
t h e i r  2na.ximum a n g l e s  and t h e n  s t r a i g h t e n e d  a g a i n .  The 
p h o t o g r a p h s  w ere  c o n t i n u e d  a t  l e s s  f r e q u e n t  i n t e r v a l s  
as  l o n g  as  p o s s i b l e  a f t e r  s t r a i g h t e n i n g  o c c u r r e d  so t h a t  
t h e  g ro w th  r a t e s  o f  t h e  r o o t s  a t  t h e  end o f  t h e  e x p e r im e n t  
c o u l d  be d e t e r m i n e d .  E a c h  g e o t r o p i c  e x p e r i m e n t  t o o k ,  
f r o m  8 - 1 0  h o u r s  f o r  c o m p l e t i o n .
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MEASUEEI-IBKTS MA.IË FROM THE PHOTO^APHIG MEGATIVSS.
1 )  CIBVATURE OE THE ROOTS.
F or  t h i s  m e asu rem en t  a  m i c r o s c o p e  wàslius e do w i t  hi ; a  
r o t a t i n g  s t a g e  b e n e a t h  w h ic h  was a  f i x e d  s c a l e  marked o f f  
i n  d e g r e e s .  The m ic r o s c o p e  ha.d two c r o s s  w i r e s  a t  90® 
t o  e a c h  o t h e r .
The n e g a t i v e  was p l a c e d  on t h e  s t a g e  o f  t h e  m ic ro s c o p e  
w i t h  t h e  r o o t  i n  p o s i t i o n  1 , ( s e e  f i g .  1 5 ) ,  r e l a t i v e  to  
t h e  t r a n s v e r s e  c r o s s  w i r e  — t h a t  i s ,  w i t h  t h e  w i r e  
r u n n i n g  t h r o u g h  t h e  t i p  and  m id d le  o f  t h e  c u r v e d  r e g i o n  
o f  t h e  r o o t .  A r e a d i n g  was t a k e n  on t h e  s c a l e  b e n e a t h  
t h e  s t a g e  and t h e n  t h e  s t a g e  p l u s  n e g a t i v e  was r o t a t e d  
u n t i l  t h e  same c r o s s  w i r e  l a y  i n  p o s i t i o n  2 .  A new 
r e a d i n g  was t a k e n  and t h e  d i f f e r e n c e  b e tw e e n  t h e  two 
r e a d i n g s  g av e  t h e  a n g l e  o f  d e v i a t i o n ,  (oc ) , o f  t h e  r o o t  
t i p  f r o m  t h e  h o r i z o n t a l .
The a n g l e  o f  c u r v a t u r e  o f  e v e r y  r o o t  a t  e v e r y  t im e  
i n t e r v a l  was m e a s u r e d .  (Over 400 m easu rem en ts  p e r  
e x p e r i m e n t ) .
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2) REACTIOIT TIMES. ETC.
The r e a c t i o n  t im e  i s  d e f i n e d  as  t h e  t im e  w hich  
e l a p s e s  b e tw e e n  g e o t r o p i c  s t i m u l a t i o n  and t h e  f i r s t  
v i s i b l e  c u r v a t u r e , ( S t i l e s , 1 9 5 0 ) .  I n  t h e  p r e s e n t  
e x p e r i m e n t s ,  c u r v a t u r e  h a d  u s u a l l y  s t a r t e d  b e f o r e  g r a v i ­
t a t i o n a l  s t i m u l a t i o n  was t e r m i n a t e d .  The s t i m u l a t i o n  
t i m e  o f  40 m i n u t e s  w as ,  h o w e v e r ,  a d h e r e d  t o  s i n c e  i t  
p r o d u c e d  a  r e a s o n a b l e  c u r v a t u r e  w h ich  c o u l d  be m e asu red  
w i t h  a  good  d e g r e e  o f  a c c u r a c y .  T h e r e f o r e ,  i n  t h e  t r u e  
s e n s e  o f  t h e  t e r m ,  t h e r e  was no r e a c t i o n  t i m e ,  b u t  a  
c o m p a r i s o n  was made b e tw e e n  t h e  t i m e  ta lcen  f o r  t h e  
a p p e a r a n c e  o f  t h e  f i r s t  v i s i b l e  c o n t r o l  c u r v a t u r e  and 
t h a t  i n  t h e  t r e a t e d  r o o t s .  T h is  c o m p a r i s o n  showed t h a t  
a s  w e l l  a s  a f f e c t i n g  t h e  f i n a l  maximum a n g l e s  r e a c h e d  
by  t h e  r o o t s ,  t h e  t r e a t m e n t  a p p l i e d  a f f e c t e d  t h e  t im e  
t a k e n  f o r  t h e  i n i t i a l  c u r v a t u r e  t o  a p p e a r .  These  p e r i o d s  
o f  t im e  c o u l d  be c a l c u l a t e d  f ro m  t h e  m e asu rem en ts  o f  
r o o t  c u r v a t u r e  made f ro m  t h e  p h o t o g r a p h i c  n e g a t i v e s .
The t i m e  t a k e n  t o  r e a h h  t h e  maximum a n g l e ,  t ime.,  
f o r  f u l l  r e c o v e r y ,  r a t e  o f  c u r v a t u r e  and  t h e  r e c o v e r y  
r a t e  c o u l d  a l l  be c a l c u l a t e d  f ro m  t h e  m e asu rem en ts  o f  
t h e  a n g l e s  s i n c e  t im e  was r e c o r d e d  b y  t h e  w a tc h  i n  each  
p h o t o g r a p h .  T hese  c a l c u l a t i o n s  w ere  o n l y  made i n  d e t a i l  
i n  t h e  f i r a t  e x p e r i m e n t s .  I n  l a t e r  e x p e r i m e n t s  a  
d a t a i l e d  s t u d y  o f  t h e  g ro w th  r a t e s  o f  r o o t s  d u r i n g  g e o t r o p i c  
c u r v a t u r e  was made.
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3)  GROWTH OF THE UPPER AlTD LQ^ÆR SID IS  OF THE ROOTS 
DURIHG THE GEOIROPIC REACTION.
The p l a t e  n e g a t i v e  was p r o j e c t e d  f ro m  an e p i d i a s c o p e  
o n to  a. w a l l  and  t h e  m a g n i f i e d  r o o t s  w ere  drawn on v /h i t e  
p a p e r , w i t h  t h e  p o s i t i o n  o f  t h e  b a s e  l i n e  a c c u r a t e l y  
marked i n  e a c h  c a s e ,  The e p i d i a s c o p e  was a lw ay s  u s e d  i n  
t h e  same p o s i t i o n  and t h e  r o o t s ,  when p r o j e c t e d ,  w ere  
a lw ays  dra-v/n i n  t h e  same- p o s t i o n  on t h e  w a l l .  F rom t h e  
e n l a r g e m e n t s  o f  t h e  r o o t s  o b t a i n e d  i t  was p o s s i b l e  t o  
m e asu re  t h e  l e n g t h s  o f  t h e  u p p e r  and lo w er  d i d # # " o f  t h e  
r o o t s .  M easu rem en ts  w ere  made f r o m  t h e  r o o t  t i p  t o  t h e  
b a s e  l i n e .  The l e n g t h  m e asu rem e n ts  w ere  made w i t h  a  
p i e c e  o f  f i n e  w i r e  w h ich  was p l a c e d  a.long t h e  d ra w in g  
o f  t h e  r o o t  f r o m  t h e  t i p  t o  t h e  b a s e  l i n e  and  t h e  b a s e  
p o i n t  was marked o f f  w i t h  a  s m a l l  i n k  d o t  on t h e  w i r e .
The c u r v e d  p a r t  o f  t h e  w i r e ,  . .w here ' the  c u r v a t u r e  o f  t h e  
r o o t  h a d  b ee n  t r a c e d - o u t ,  was s t r a i g h t e n e d  and  t h e  
l e n g t h  o f  w i r e  f r o m  t h e  end  t o  t h e  -do t  was m e a su red  i n  
c e n t i m e t r e s  on a. r u l e r .  T h i s  m ethod  o f  m easu rem en t  was 
r a t h e r  p r i m i t i v e ,  b u t  was t e s t e d  and fo u n d  t o  be 
r e m a r k a b l y  a c c u r a t e .  Map m e a s u r e r s  w ere  t r i e d  o u t  i n  
o r d e r  t o  s p e e d  up  t h e  m e a s u r i n g  p r o c e s s ,  b u t - t h e y  w ere  
a l l  f o u n d  t o  be i n a d e q u a t e  for., t h e  s m a l l  d i s t a n c e s , (5cm. ) ,  
b e i n g  m e a s u r e d .  From t h e  m e asu re m e n ts  made,  knowing t h e  
e p i d i a s c o p e  m a g n i f i c a t i o n  and ca m era  r e d u c t i o n ,  t h e  e x a c t  
l e n g t h  o f  t h e  u p p e r  and low er  s i d e s  o f  e a c h  r o o t  a t  any
62
g i v e n  t i m e  c o u l d  be c a l c u l a t e d  and t h e r e f o r e ,  t h e  groifkh
r a t e s  o v e r  knovm p e r i o d s .
Owing t o  t h e  t e d i o u s  and l e n g t h y  p r o c e d u r e  i n v o l v e d
i n  m e asu re m e n ts  o f  t h e  g r o \ f t h  r a t e s ,  t h e y  w ere  done o ver
c e r t a i n  t i m e  i n t e r v a l s  o n l y .  T h ese  i n t e r v a l s  w ere
s e l e c t e d  t o  c o v e r  t h e  v a r i o u s  p h a s e s  <of c u r v a t u r e
and r e c o v e r y .
The f i r s t  t im e  i n t e r v a l  c o v e r e d  t h e  3 h o u r s  d u r i n g
w h ich  t h e  r o o t s  w ere  r o t a t e d  p r i o r  t o  g r a v i t a t i o n a l
s t i m u l a t i o n .  M e asu rem en ts  o f  t h e  l e n g t h  o f  u p p e r  and
low er  s i d e s  w ere  made a i  t h e  b e g i n n i n g  and end o f  t h i s
p e r i o d .  From t h e s e  m e a s u r e m e n t s ,  t h e  g ro w th  r a t e  o f  t h e
u n s t i m u l a t e d  r o o t s  c o u l d  be c a l c u l a t e d .
The t h i r d  m easu rem en t  was made when t h e  r o o t s  h a d
r e a c h e d  an a n g l e  w h ich  was bCffo o f  t h e i r  maximum a n g l e .
The f o u r t h  m easu rem e n t  was made when t h e  r o o t s  h a d
c u r v e d  t o  t h e i r  maximum e x t e n t .  The f i f t h ,  when 50^
r e c o v e r y  h a d  t a k e n e p l a c e . The s i x t h ,  when f u l l  r e c o v e r y
or OJpproltiffvoL\r«iM sWoÀakt:
was r e a c h e d  and t h e  r o o t s  w ere  once  more s t r a i g h t T h e
s e v e n t h  m e asu rem e n t  was made a t  t h e  end  o f  t h e  e x p e r i m e n t ,  
when t h e  r o o t s  w ere  s t i l l  s t r a i g h t .
The a c t u a l  t im e  a t  w h ich  e a c h  me assurément was made 
was known f r o m  t h e  w a tc h  on t h e  n e g a t i v e .  T h e r e f o r e ,  
g ro w th  r a t e s  c o u l d  be c a l c u l a t e d  f o r  t h e  p e r i o d s  o f  t im e  
f ro m  one m easu rem en t  t o  t h e  n e x t .
The t i m e s  d u r i n g  t h e  r e a c t i o n  a t  w h ich  m e asu rem e n ts  
w ere  made w ere  r i g i d l y  a d h e r e d  t o  t h r o u g h o u t  t h e  r e s e a r c h .  
A l l  t i m e  i n t e i v a l s ,  e x c e p t  t h e  f i r ; . i t  ani 'L.ie
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A l l  t im e  i n t e r v a l s ,  e x c e p t  t h e  f i r s t  and  l a s t ,  were  
a p p r o x i m a t e l y  60  m in u t e s  i n  l e n g t h .
As s t a t e d  e a r l i e r ,  c o r r e c t i o n s  f o r  c a m era  d i s t o r t i o n  
h a d  t o  be a p p l i e d  t o  a l l  l e n g t h  m e a su re m e n ts  b e f o r e  t h e  
t r u e  grovrth  r a t e s  o f  t h e  r o o t s  c o u l d  be c a l c u l a t e d .  
C o r r e c t i o n s  were  o n l y  made f o r  cam era  d i s t o r t i o n  i n  t h e  
h o r i z o n t a l  p l a n e  o f  t h e  p h o t o g r a p h i c  p l a t e .  The d i f f e r e n c e s  
i n  t h e  amount o f  d i s t o r t i o n  a t  v a r i o u s  p o i n t s  i n  t h e  
v e r t i c a l  p l a n e  o f  any  one p h o t o g r a p h  were  n e g l i g i b l e ,  
o v e r  t h e  c e n t r a l  p o r t i o n  o f 1 t h e  p l a t e ,  com pared w i t h  
t h e  amount o f  d i s t o r t i o n  a t  d i f f e r e n t  c a m era  p o s i t i o n s .  
T h e r e f o r e ,  t h e  c o r r e c t i o n s  w ere  c a l c u l a t e d  f o r  t h e  m id ­
p o i n t  o f  e a c h  t a n k  fo r -  e a c h  cam era  p o s i t i o n .
The c o r r e c t i o n s  were  c a l c u l a t e d  i n  t h e  f o l l o w i n g
w a y : -
A l e n g t h  o f  cm. g r a p h  p a p e r  was h e l d  i n  each  tan lc ,  a t  
t h e  p o i n t  n o r m a l l y  o c c u p i e d  b y  t h e  r o o t  t i p s ^   ^ T h e ^ ta n k s  
w ere  p l a c e d  i n  t h e  h o l d e r s  and t h e  g r a p h  p a p e r  was 
p h o t o g r a p h e d  i n  a l l  t h e  d i f f e r e n t  camera, p o s i t i o n s  u s e d  
d u r i n g  an e x p e r i m e n t .  The image p r o d u c e d  by  10 mm. o f  
t h e  g r a p h  p a p e r ,  on t h e  n e g a t i v e ,  was m e a su re d  b y  t h e  
t r a v e l l i n g  m ic ro s c o p e  a,tv e a c h  ca m era  p o s i t i o n .  F iv e  
m easu rem e n ts  w ere  made a t  e a c h  p o i n t  and t h e  mean t a k e n  
as t h e  t r u e  m e a s u re m e n t .  C o r r e c t i o n s  f o r  cam era  d i s t o r t i o n  
c o u ld  t h e n  be made as  f o l l o w s : -
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A c t u a l  l e n g t h  o f  a  r o o t
= l e n g t h  o f  image o f  r o o t  m e a s u re d  h v  t r a v .  idI c .  x  10 mm.
P
% e r e  "p" i s  e q u a l t o  t h e  l e n g t h  o f  t h e  image o f  10 mm. 
o f  g r a p h  p a p e r  a t  t h i s  p a r t i c u l a r  p o i n t , m e a s u re d  w i t h  
t h e  t r a v e l l i n g  m i c r o s c o p e .
A c o m p o s i t e  c o r r e c t i o n  f a c t o r  f o r  cam era  r e d u c t i o n  
and d i s t o r t i o n  and e p i d i a s c o p e  m a g n i f i c a t i o n  c o u l d  be 
f o u n d  by  m e a s u r i n g  t h e  l e n g t h  o f  t h e  image o f  10 ram. o f  
g r a p h  p a p e r  p r o j e c t e d ,  f r o m  t h e  n e g a t i v e ,  by  t h e  e p i d i a s c o p e .  
Then, t h e  a c t u a l  l e n g t h  o f  a  r o o t
% l e n g t h  o f  p r o j e c t e d  image o f  r o o t  x  10 mm.
q
V/here "q" i s  e q u a l  to  t h e  l e n g t h  o f  t h e  image o f  10 ram. 
o f  g r a p h  p a p e r  p r o j e c t e d  b y  t h e  e p i d i a s c o p e  a t  t h i s  
p a r t i c u l a r  cam era  p o s i t i o n .
The e p i d i a s c o p e  m a , g n i f i c a t i o n  was so g r e a t  t h a t  t h e  
l i n e s  o f  g r a p h  p a p e r  h a d  a p p r e c i a b l e  w i d t h .  M easurem en ts  
c o u l d  be made more a c c u r a t e l y  w i t h  t h e  t r a v e l l i n g  
m i c r o s c o p e .  The c a lc u len t  i o n  o f  t h e  c o m p o s i te  c o r r e c t i o n  
f a c t o r  was t h e r e f o r e  m o d i f i e d .  I t  was a s s u m e d - t h a t  t h e r e  
was no d i s t o r t i o n  a t  t h e ’ c e n t r e  o f  t h e  p h o t o g r a p h i c  p l a t e .  
T h is  a s s u m p t i o n  seemed r e a s o n a b l e  s i n c e  t h e  m e asu red  
d i s t o r t i o n  i n c r e a s e d  on e i t h e r  s i d e  o f  t h e  c e n t r a l  
p h o t o g r a p h .  The l e n g t h  o f  t h e  image o f  10 ram. o f  g r a p h  
p a p e r  p r o j e c t e d  by  t h e  e p i d i a s c o p e ,  f r o m  t h e  n e g a t i v e ,  
was m e a s u re d  f ro m  t h i s  c e n t r a l  p h o t o g r a p h  as  a c c u r a t e l y  
as  p o s s i b l e .
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The a c t u a l  l e n g t h  o f  a  r o o t  p h o t o g r a p h e d  a t  t h i s  c e n t r a l
ca m era  p o s i t i o n -  l e n g t h  o f  p r o j e c t e d  i m a g e i o f  r o o t  ^  10 mm,
l e n g t h  o f  p r o j e c t e d  image o f  10 ram*
F o r  s jiy  o t h e r  cam era  p o s i t i o n ,  s a y  "z"
I f  R z  l e n g t h  o f  p r o j e c t e d  image o f  r o o t  a t  ” z ” .
b -  l e n g t h  o f  image o f  10 ram. p r o j e c t e d  a t  t h e  c e n t r e
o f  t h e  p l a t e .
c = l e n g t h  o f  image o f  10 ram. r aea sn red  b y  t r a v e l l i n g
m i c r o s c o p e  a t  p o s i t i o n  " z " .
d = l e n g t h  o f  image o f  10 ram. m e a s u re d  b y  t r a v e l l i n g
m ic r o s c o p e  a t  t h e  c e n t r e  o f  t h e  p l a t e .
Then ,  a t  earnera  p o s i t i o n  " z " ,
A c t u a l  l e n g t h  o f  a  r o o t  = a  % d ^  10 ram.
b c
F o r  e a c h  ca m era  p o s i t  i o n "  lOd" was w orked  o u t ,  s u b s t i t u t i n g
be
t h e  a p p r o p r i a t e  v a l u e s  f o r  " b " , "c"  and  " d " . T h is  c o m p o s i t e  
c o r r e c t i o n  f a c t o r , f ^ o r  e a c h  cam era  p o s i t i o n ,  was u s e d  i n  
c a l c u l a t i o n s  o f  a c t u a l  r o o t  l e n g t h  i n  t h e  g e o t r o p i c  
e x p e r i m e n t s .
I n  r o t a t i o n  e x p e r i m e n t s ,  where  no s t i m u l a t i o n  was 
g i v e n ,  t h e  l e n g t h  o f  e a c h  r o o t  f r o m  t i p  to  b a s e  l i n e  was 
m e a s u re d  d i r e c t l y  on t h e  t r a v e l l i n g  m i c r o s c o p e .  T h is  
was p o s s i b l e  s i n c e  t h e r e  was no c u r v a t lu r e  t o  be t a k e n  i n t o  
c o n s i d e r a t i o n .  The n e c e s s a r y  c o r r e c t i o n  f o r  cam era  
r e d u c t i o n  and d i s t o r t i o n  was t h e n  a p p l i e d  t o  e a c h  
m e a s u r e m e n t . . (See  f i r s t  f o r m u l a  on p ag e  6 4 ) .
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m i H  GEQTROPIC EXPERIMENTS.
1)  CHANGES IE  GRQV/TH CAUSED BY ROTATION.
V/hen a  c o m p le t e  a n a l y s i s  o f  t h e  gro\^rth o f  t h e  r o o t s ,  
d u r i n g  t h e  g e o t r o p i c  r e a c t i o n ,  was c a r r i e d  o u t ,  one o f  
t h e  f i r s t  r e s u l t s  n o t e d  was t h e  i n c r e a s e d  g ro w th  r a t e  
o f  t h e  r o o t s  a s  r o t a t i o n  p r o c e e d e d .  A f t e r  a b o u t  8 h o u r s  
r o t a t i o n  t h e  o v e r a l l  g r o w th  r a t e  was a l m o s t  d o u b le  t h a t  
d u r i n g  t h e  f i r s t  h o u r  o f  r o t a t i o n .
One e x p l a n a t i o n  o f  t h e  i n c r e a s e d  g r o w th  r a t e  was 
t h a t  d u r i n g  t h e  n i g h t ,  w h i l s t  t h e  r o o t s  were  im m ersed  
i n  w a t e r ,  t h e i r  growkh was be low  n o rm a l  owing t o  some 
l a c k  o f  o x y g e n .  Then ,  when t h e y  h a d  f r e e  a c c e s s  to  
oxygen  d u r i n g  s u b s e q u e n t  r o t a t i o n ,  t h e i r  g ro w th  r a t e  
g r a d u a l l y  b u i l t  up to  i t s  n o rm a l  v a l u e .  A g a i n s t  t h i s  
p o s s i b i l i t y  was t h e  f a c t  t h a t  r o o t s  grown i n  g l a s s  
d i s t i l l e d  w a te r  o v e r n i g h t ,  w i t h  t h e  c o t y l e d o n s  and p a r t  
o f  t h e  r o o t s  above  w a t e r  l e v e l ,  w ere  o f  t h e  same l e n g t h  
as  t h o s e  grown i n  dan^) a e r a t e d  s a n d .  A l s o ,  an  e x p e r i m e n t  
w h ich  w i l l  be f u l l e r  d e s c r i b e d  l a t e r ,  p r o v e d  t h a t  even  
when r o o t s  w ere  a e r a t e d  and  immersed i n  w a t e r  o v e r n i g h t  
t h e i r  g r o w t h  r a t e s  s t i l l  i n c r e a s e d  on r o t a t i o n .
C o n f l i c t i n g  r e s u l t s  have  b ee n  r e p o r t e d  o f  t h e  
e f f e c t  o f  r o t a t i o n  on r o o t  g r o w t h .  E a r l y  w o r k e r s ,  
i n c l u d i n g  S a ch s  ( 1 8 7 2 , 7 9 ) ,  s t a t e d - t h a t  r o t a t i o n  h ad  
l i t t l e  i n f l u e n c e  on g ro w th  o f  m ost  p l a n t  orgafos.
B r a in  (1 9 3 5 )  i n v e s t i g a t e d  t h e  e f f e c t  o f  p r o l o n g e d
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r o t a t i o n  on t h e  k l i n o s t a t  u s i n g  s e e d l i n g s  o f  L u p in u s  
a l h u s .  H e l i a n t h u s  and Avena and showed t h a t  t h e  p r i m a r y  
r o o t s  c o n t i n u e d  t o  grow f o r  a  l o n g e r  t im e  t h a n  t h e y  d i d  
i n  t h e  v e r t i c a l  p o s i t i o n .  U s in g  Z ea  Mays, t h e  p r i m a r y  
r o o t  g rew  more r a p i d l y  on t h e  k l i n o s t a t  t h a n  i t  d i d  i n  
t h e  u p r i g h t  p o s i t i o n .
T a l t s  ( 1 9 3 2 , 3 5 ) ,  u s i n g  t h e  p r i m a r y  r o o t  o f  L u p in u s  
a l h u s ,  d i d  a  g r e a t  d e a l  o f  work on t h e  e f f e c t s  o f  
d i f f e r e n t  r o t a t i o n  s p e e d s  on p r e v i o u s  g r a v i t a t i o n a l  
s t i m u l a t i o n .  He fo u n d  t h a t  t h e  d ev e lo p m e n t  o f  g e o t r o p i c  
c u r v a t u r e  was i n f l u e n c e d  b y  t h e  r o t a t i o n  s p e e d  and t h e  
d u r a t i o n  o f  r o t a t i o n .
F u r l th e r  work was done b y  B r a i n  (1942)  on t h e  
e f f e c t s  o f  r o t a t i n g  s e e d l i n g s  o f  L u p in u s  a l b u s . A f t e r  
p r o l o n g e d  r o t a t i o n ,  t h e  a v e r a g e  e x t e n s i b i l i t y  o f  p i e c e s  
o f  t i s s u e  was g r e a t e r  i n  p l a n t s  grown on t h e  k l i n o ' s t a t  
t h a n ! i n  t h o s e  w h ich  h a d  b ee n  k e p t  u p r i g h t .  D i e h l  and 
o t h e r s  (1 9 3 9 )  f o u n d  an i n c r e a s e  i n  t h e  l e n g t h w i s e  
e x t e n s i b i l i t y  o f  t h e  h y p o c o t y l s  o f  H e l i a t h u s  annuus 
a f t e r  2 h o u r s  t r e a t m e n t  w i t h  hormone p a s t e .  B r a i n ,  
t h e r e f o r e  s t u d i e d  t h e  amount o f  g rov / th  hormone p ro d u c e d  
i n  t h e  l u p i n  h y p o c o t y l  and  found, t h a t  p l a n t s  grown on 
t h e  k l i n o s t a t  c o n t a i n e d  more growi:h s u b s t a n c e ,  more e v e n l y  
d i s t r i b u t e d  t h a n  i n  u p r i g h t  p l a n t s .  She p o s t u l a t e d  t h a t  
t h e  k l i n o s t a t  r e o r g a n i s e d  t h e  d i s t r i b u t i o n  o f  g ro w th  
hormones  i n  t h e  s t e m  so t h a t  c e l l s  w h ich  would have  









The r e s u l t  b e i n g  t h a t  t h e  s t e m  grew  l o n g e r  t h a n  i t  w ould  
h a v e  done i n  t h e  u p r i g h t  p o s i t i o n .  A c c o rd in g  t o  B r a i n  
t h e r e  was no d i f f e r e n c e  i n  t h e  r e s p o n s e  o f  t h e  p l a n t  t o  
g r a v i t y .  No d i f f e r e n c e  i n  t h e  maximum a n g l e  o f  c u r v a t u r e  
o r  t h e  r e a c t i o n  t i m e  r e s u l t e d  f ro m  r o t a t i o n . {Compare w i t h  
T a l t s ) .
The m ost  r e c e n t  work on t h e  r o t a t i o n  e f f e c t  was 
c a r r i e d  o u t  by  L a r s e n  ( 1 9 5 3 ) .  H is  r e s u l t s  w i l l  be 
d i s c u s s e d  a f t e r  r e s u l t s  o b t a i n e d  i n  t h e  p r e s e n t  r e s e a r c h  
h a v e  b een  r e p o r t e d .
A c o m p le t e  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  d i f f e r e n t  
r o t a t i o n  s p e e d s ,  a p p l y i n g  d i f f e r e n t  a u x i n  c o n c e n t r a t i o n s  
t o  t h e  r o o t s ,  was o u t s i d e  t h e  s c o p e  o f  t h i s  r e s e a r c h .
A f e w  e x p e r i m e n t s  were  c a r r i e d  o u t  t o  t r y  t o  e s t a b l i s h  
t h e  f a c t  t h a t  r o t a t i o n  a c t u a l l y  d i d  i n c r e a s e  t h e  g r o w th  
r a t e  above  t h a t  o f  r o o t s  grown v e r t i c a l l y  dovmwards.
L u r i n g  r o t a t i o n ,  t h e  r o o t s  were  b a t h e d  i n  w a te r  
f o r  a b o u t  2 .5  m in u te s  o u t  o f  e v e r y  5 m i n u t e s  and so  an 
a p p a r a t u s  was d e s i g n e d  t o  g i v e  t h e  r o o t s  as  n e a r l y  
a s  p o s s i b l e  t h e  sa,me c o n d i t i o n s  w h i l s t  t h e y  r e m a in e d  
v e r t i c a l .  The a p p a r a t u s  i s  sho \m  i n  f i g u r e  1 6 .  The 
w a t e r  i n l e t  was c o n n e c t e d  t o  a  t a p  and o r d i n a r y  w a te r  
f l o w e d  i n t o  t h e  g l a s s  b o t t l e .  When t h e  b o t t l e  was f u l l  
t h e  w a t e r  s i p h o n e d  o v e r  i n t o  t h e  s i n k .  The r e s u l t a n t  
d ro p  i n  p r e s s u r e  i n  t h e  g l a s s  b o t t l e  drew t h e  g l a s s  
d i s t i l l e d  w a t e r  f ro m  t h e  t a n k  c o n t a i n i n g  t h e  p e a s ,  up 
i n t o  t h e  s e p a r a t i n g  f u n n e l ,  t h u s  e x p o s i n g  t h e  r o o t s  t o
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t h e  a i r .  V/hen t h e  s i p h o n  h a d  e m p t ie d  t h e  b o t t l e ,  t h e  
w a t e r  column i n  t h e  s i p h o n  b r o k e  and t h e  b o t t l e  s t a r t e d  
t o  f i l l  once  m o re .  I n  d o in g  s o ,  t h e  g l a s s  d i s t i l l e d  w a t e r  
i n  t h e  s e p a r a t i n g  f u n n e l  was made t o  f l o w  b ac k  i n t o  t h e  
t a n k  and c o v e r  t h e  r o o t s  a g a i n .  The a p p a r a t u s ,  a p a r t  
f ro m  t h e  t a n k  p l u s  p e a s ,  was a i r  t i g h t  and by  r e g u l a t i n g  
t h e  w a te r  f l o w  i n t o  t h e  b o t t l e  and a d j u s t i n g  t h e  t a p  on 
t h e  s e p a r a t i n g  f u n n e l ,  i t  was p o s s i b l e  t o  e n s u r e  t h a t  t h e  
r o o t s  w ere  i n  t h e  wa.ter f o r  a b o u t  2 .5  t o  3 mincîtes  o u t  
o f  e v e r y  5 m i n u t e s ,  as  i n  a  r o t a t i o n  e x p e r i m e n t .  The 
c o t y l e d o n s  were  c o v e r e d  w i t h  g l a ^ s  w o o l ,  as d u r i n g  
r o t a t i o n ,  t o  k e e p  th em  damp and p r e v e n t  movement.  Once 
i t  h ad  b ee n  p r o p e r l y  a d j u s t e d  t h e  a p p a r a t u s  was c o m p l e t e l y  
a u t o m a t i c  and c o u l d  be l e f t .
D i r e c t  r e a d i n g s  o f  r o o t  l e n g t h s  were  made u s i n g  t h e  
t r a v e l l i n g  m i c r o s c o p e d .  The u s u a l  w h i t e  b a s e  l i n e  was 
dravjn on f h e  t a n k  a b o u t  .5  cm .back  f r o m  t h e  r o o t  t i p s .  
R e a d in g s  w ere  t a k e n  e v e r y  h o u r  and d u r i n g  t h e  i n t e r v e n i n g  
t im e  t h e  ta,nk was s h i e l d e d  f ro m  a l l  b r i g h t  l i g h t  by 
b l a c k  p a p e r  s c r e e n s .  C o n d i t i o n s  w ere  t h u s  a s  n e a n l y  as  
p o s s i b l e  s i m i l a r  t o  t h o s e  i n  r o t a t i o n  e x p e r i m e n t s .
The r e s u l t s  o f  t h r e e  e x p e r i m e n t s  u s i n g  t i e  s i p h o n  
axe  shown i n  g r a p h i c  f o rm ,  ( s e e  g r a p h  1 9 ) .  D e t a i l e d  
r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  on p ag e  The
l a r g e  s t a n d a r d  d e v i a t i o n s  i n d i c a t e  t h e  v a r i a t i o n  i n  
groi\Tkh r a t e  b e tw e en  t h e  i n d i v i d u a l  r o o t s .  A l s o ,  t h e  
g ro w th  r a t e  o f  a n y  one r o o t  f l u c t u a t e d  q u i t e  c o n s i d e r a b l y
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f ro m  h o u r  t o  h o u r .  The g r o w th  o f  r o o t s  d u r i n g  e a c h  h o u r l y  
p e r i o d  was com pared  w i t h  t h a t  o f  r o o t s  f ro m  t h e  some 
h a t c h e s  o f  p e a ^ ,  grovm  u n d e r  i d e n t i e a l  c o n d i t i o n s ,  b u t  
r o t a t e d  i n  g l a s s  d i s t i l l e d  w a t e r  on t h e  k l i n o s t a t . ( G r a p h  2 0 ) .  
The s t e a d y  i n c r e a s e  i n  g r o w t h  r a t e  as  r o t a t i o n  p r o c e e d e d  
d i d  n o t  t a k e  p l a c e  t o  t h e  same e x t e n t  i n  t h e  v e r t i c a l  
r o o t s .
?
I
As p r e v i o u s l y  m e n t i o n e d , ( p a g e  6 6 ) ,  an e x p e r i m e n t  
was c a r r i e d  o u t  t o  p r o v e  t h a t  t h e  i n c r e a s e d  g ro w th  r a t e  
on r o t a t i o n  was n o t  due t o  t h e  r o o t s  b e i n g  ah l e  to  
o b t a h n  more oxygen  t h a n  was p o s s i b l e  when t h e y  were 
im m ersed  i n  w a t e r  o v e r n i g h t .  A t a n k ,  p l u s  one day  o l d  
p e a s  i n  g l a s s  d i s t i l l e d  w a t e r ,  was s e t  up w i t h  t h e  
s i p h o n  w h ich  was l e f t  r u n n i n g  o v e r n i g h t .  I n  t h i s  t a n k  
t h e  r o o t s  h a d  a  p l e n t i f u l  s u p p l y  o f  o x y g en .  A s e c o n d  
t a n k  was s e t  up  and l e f t  i n  t h e  d a r k  as u s u a l  o v e r n i g h t .
I n  t h i s  t a n k  t h e  r o o t s  w ere  p a r t i a l l y  immersed i n  g l a s s  
d i s t i l l e d  waher  o v e r n i g h t . '  N e± t d a y ,  a  r o t a t i o n  e x p e r i m e n t ,  
w i t h o u t  g e o t r o p i c  s t i m u l a t i o n ,  was c a r r i e d  o u t  s i m u l t ­
a n e o u s l y  on b o t h  s e t s  o f  p e a s .  The r e s u l t s  a r e  shown 
on t h e  n e x t  p a g e .  They showed t h a t  t h e r e  was s t i l l  an 
e f f e c t  o f  r o t a t i o n  on t h e  g r o w th  r a t e ,  w h e th e r  o r  n o t  
t h e  r o o t s ^ w e r e  w e l l  a e r a t e d  p r i o r  t o  r o t a t i o n .
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RESULTS . GROWTH BATES DURIITG ROTATION.
R a t e s  m e a s u re d  o v e r  a p p r o x i m a t e l y  h o u r l y  p e r i o d s t t h r o u g h o u t  
r o t a t i o n .  R a t e s  e x p r e s s e d  i n  j r / m i n u t e .
COHTROL ROOTS. ( I n  w a te r  o v e r n i g h t . )
P e r i o d s 1 2 3 4 5 6 7
P e a
1 4 . 9 0 6 . 1 2 1 2 . 3 0 7 . 0 8 1 2 .9 3 16 .57 18.42
2 5 .4 5 1 0 .9 0 7 . 5 4 1 1 . 4 0 1 1 .5 6 ; 1 3 .6 0 —
3 9 .6 4 6 .5 7 8 . 3 0 1 1 .0 2 1 1 .7 4 : 9 . 7 0 12 .67
4 8 . 7 3 8 . 8 2 9 . 8 0 1 5 .7 0 15 .37 14.05! 1 5 .9 5
5 , 7 . 8 2 7 . 0 0 8 . 7 2 1 6 .2 0 9 .3 0 8 . 6 0 1 1 .9 0
6 7 . 3 1 1 0 .1 5 5 5 .6 7 1 0 .3 5 1 0 .0 0 1 4 .7 0 14 .57
A verage
g ro w th
r a t e . 7 . 3 1 8 .2 6
!
8 . 7 2 1 1 .9 6 1 1 .8 2 1 2 .8 7 ' 1 4 .7 4
”SIPHOH”REAS. ( I n  s i p h o n  o v e r n i g h t . )
P e r i o d s 1 2 3 4 1 5 6 7
P e a
4/
1 1 5 .0 8 12 .57 1 3 . 0 2 1 9 .3 1 1 6 .7 0 2 0 . 1 0 1 4 .8 0
2 1 0 .7 3 1 3 .4 3 1 2 .4 6 1 7 .1 0 1 5 .1 6 1 7 . 5 8 1 5 . 6 3 '
3 1 3 .4 8 1 4 .3 3 1 9 .4 1 2 1 .5 0 21^50 2 2 . 3 0 2 2 .7 0
4 6 .3 6 1 3 .0 0 1 7 .5 5 1 8 .4 3 2 0 .3 0 2 0 .5 0 2 0 .9 0
5 9 . 8 2 1 4 .2 0 1 3 .4 0 2 0 .9 0 1 8 .6 0 2 3 .7 0 2 1 .9 0
6 1 4 .7 4 8 . 2 1 1 6 .6 0 1 5 .2 0 1 7 .3 6 1 7 .77 2 3 .4 0
7 1 1 .2 7 1 0 .0 0 1 2 .6 5 1 2 .7 8 2 0 .3 0 1 8 .4 2 1 6 .9 0
A^erjage
gEOWtli
r a t e . 1 1 .6 4 1 2 .25 1 5 .0 1 1 7 .8 9 1 8 .5 6
r: ; 1
2 0 .0 5 1 9 .3 8
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R e s u l t s  o f  r e s e a r c h ,  i n t o  t h e  e f f e c t s  o f  r o t a t i o n  on 
t h e  g ro w th  o f  r o o t s  w ere  p u b l i s h e d  by  L a r s e n  i n  1953, 
s u b s e q u e n t  to  t h e  c o m p l e t i o n  o f  t h e  p r e s e n t  r e s e a r c h .
He c l a i m e d  t h a t  h i s  e x p e r i m e n t a l  t e c h n i q u e  f o r  s t u d y i n g  
t h e  gro\vkh o f  r o o t s  o f  A r t e m e s i a  a b s i n t h i u m  L.  was 
s u p e r i o n  t o  a l l  p r e v i o u s  m e th o d s .  The s e e d l i n g s  w ere  . 
e n c l o s e d  b e tw s e n  two t h i n  a g a r  s h e e t s  p r e s s e d  c l o s e l y  
t o g e t h e r  so  t h a t  t h e  r o o t s  w ere  h e l d  f i r m l y  i n  p l a c e .
I t  seems q u e s t i o n a b l e  w h e th e r  an a d e q u a t e  oxygen  s u p p l y  
c o u l d . r e a c h  t h e s e  r o o t s .  A l s o ,  two b u f f e r  s o l u t i o n s  and 
num erous  i n o r g a n i c  s a l t s . w e r e  i n c o r p o r a t e d  i n  t h e  a g a r .
I n  t h e  p r e s e n t  r e s e a r c h ,  t h e  i n c l u s i o n  o f  a  s i m p l e  b u f f e r ,  
( M c l l v a i n e s ) ,  was f o u n d  t o  a f f e c t  a d v e r s e l y  r o o t  s e c t i o n  
g r o w t h .  T h e r e f o r e , ,  t h e  r o o t  g r o w t h  r e p o r t e d  by  L a r s e n  
may n o t  h a v e  b e e n  a b s o l u t e l y  n o r m a l .  However, t h e  r e s u l t s  
he  o b t a i n e d  showed t h a t  t h e  r a t e  o f  r o t a t i o n  a f f e c t e d  t h e  
groi'fbh r a t e  o f  r o o t s  p l a c e d  h o r i z o n t a l  t o  t h e  a x i s  o f  . 
r o t a t i o n .  At a l l  v e l o c i t i e s ,  t h e  a v e r a g e  g ro w th  r a t e  
o f  t h e  r o o t s  was low er  t h a n  t h a t  o f  r o o t s  r o t a t i n g  i n  
t h e  n o rm a l  v e r t i c a l  p o s i t i o n ,  p a r a l l e l  t o  t h e  v e r t i c a l  
a x i s  o f  t h e  k l i n o s t a t .  I n v e r t e d  r o o t s ,  v h i c h  were 
s u b s e q u e n t l y  r o t a t e d  p a r a l l e l  t o  t h e  h o r i z o n t a l  a x i s  o f  
t h e  k l i n o s t a t  a l s o  showed a  much d e c r e e a e d  g ro w th  r a t e  
com pared  w i t h  c o n t r o l s .  From t h e s e  r e s u l t s  L a r s e n  
c o n c lu d e d  t h a t  g r a v i t y  h a d  l i t t l e ,  i f  any ,  e f f e c t  on 
t h e  gro\\rth o f  r o o t s  when i t  was a c t i n g  i n  t h e  no rm al  
d i r e c t i o n ,  b u t  t h a t  i t  h a d  a  r e t a r d i n g  e f f e c t  on g ro w th
73
when a c t i n g  i n  t h e  o p p o s i t e  d i r e c t i o n  or  a t  r i g h t  a n g l e s  
t o  t h e  a x i s  o f  t h e  r o o t .  At v e r y  h i g h  v e l o c i t i e s  o f  
r o t a t i o n ,  g r a v i t y  d i d  n o t  seem t o  i n f l u e n c e  r o o t  g ro w th  
and s p o n t a n e o u s  c u r v a t u r e s  o c c u r r e d  i n  some r o o t s .  At 
lo w er  v e l o c i t i e s ,  t h e  g ro w t h  r a t e  o f  t h e  r o o t s  d e c r e a s e d  
and  s p o n t a n e o u s  c u r v a t u r e s  d i d  n o t  a p p e a r*  Here  i t  seemed 
t h a t  t h e  s t r a i g h t  g ro w th  o f  e a c h  r o o t  was c o n t r o l l e d  by  
e q u a l  g e o t r o p i c  s t i m u l â t i) n r e c e i v e d  a l l  r o u n d  t h e  r o o t  
d u r i n g  r o t a t i o n .  Thus i n c r e a s i n g  t e n s i o n s  were  s e t  up 
w i t h i n  t h e  r o o t ^  w h ich  w ere  evenli® d i s t r i b u t e d  a ro u n d  
t h e  r o o t  so  t h a t  i t  was h e l d  r i g i d l y  t o  a  s t r a i g h t  
c o u r s e  o f ' g r o w t h . '  At even  low er  v e l o c i t i e s  o f  r o t a t i o n ,  
t h e  f i r s t  p a r t  o f  t h e  h o r i z o n t a l  r o o t  e x p o s ed  to  t h e  
f o r c e  o f  g r a v i t y  r e c e i v e d  a  s t r o n g  s t i m u l u s  and b e c a u s e  
o f  t h e  s lo w  r a t e  o f  r o t a t i o n ,  t h e  f i n a l  s t a g e s  o f  p r e p ­
a r a t i o n  f o r  c u r v a t u r e  w ere  c o m p le t e d  b e f o r e  t h e  o r i g i n a l  
u p p e r  s i d e  o f  t h e  r o o t  came u n d e r  t h e  same g r a v i t a t i o n a l  
i n f l u e n c e ' .  ' T h e r e f o r e ,  a c t u a l  c u r v a t u r e  t o o k  p l a c e  i n  
s u c h  a, r o o t . -  ^ "
In  t h e  p r e s e n t  r e s e a r c h ,  t h e  g ro w th  r a t e  o f  p e a  r o o t s  
r o t a t e d  p a r a l l e l  t o  t h e  h o r i z o n t a l  a x i s  o f . t h e  k l i n o s t a t  
was o n l y  s t u d i e d  " i n  d e t a i l  a t  one p a r t i c u l a r  r a t e  o f  
r o t a t i o n ,  ( l  r e v . / 5  m i n s . )♦ The m ain  p u r p o s e  o f  t h e  work 
was t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  added  a u x i n s  and a n t i -  
a u x i n s  on t h e  g e o t r o p i c  r e a c t i o n  and so a l l  other^ e- 
e x p e r i m e n t a l  c o n d i t i o  n s " w e r e ,  o f  n e c e s s i t y ,  k e p t  c o n s t a n t .  
A s " a l r e a d y  s t a t e d ,  t h e  g ro w th  r a t e s  o f  r o t a t e d  r o o t s
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i n c r e a s e d  as  r o t a t i o n  p r o c e e d e d  above t h e  r a t e s  o f  
u n r o t a t e d  r o o t s  growm v e r t i v a l l y  i n  t h e  s i p h o n  a p p a r a t u s .
The e s s e n t i a l  d i f f e r e n c e  b e tw e en  t h i s  work and t h a t  o f  
L a r s e n  w ou ld  seem  t o  be t h a t ,  a p a r t  f ro m  t h e  u s e  o f  an  
e n t i r e l y  d i f f e r e n t  e x p e r i m e n t a l  s e e d l i n g ,  L a r s e n ^ s  c o n t r o l s  
w ere  a l s o  r o t a t e d  v e r t i c a l l y  on a  k l i n o s t a t .  L a r s e n  
f o u n d  no r o t a t i o n  r a t e  a t  w h ich  r o o t  g ro w th  was i n c r e a s e d  
above  t h a t  o f  c o n t r o l s .  The p r e s e n t  r e s u l t s  a r e  e n t i r e l y  
o p p o se d  t o  t h o s e  o f  L a r s e n ,  b u t  b e c a u s e d o f  t h e  v i t a l  
d i f f e r e n c e  i n  e x p e r i m e n t a l  t e c h n i q u e , t h e  t w  s e t s  o f  
r e s u l t s  a r e  n o t  s t r i c t l y  c o m p a r a b le .
I n  e x p e r i m e n t s  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  v a r i o u s  • 
c o n c e n t r a t i o n s  o f  I .A .A .  on r o t a t e d  whole  r o o t s , ( s e e  page  
7 6 ) ,  i t  was fo u n d  t h a t  t h e  r a t i o  o f  g ro w th  i n  t h e  I .A .A .  
s o l u t i o n  t o  t h a t  o f  c o n t r o l s , ( r o t a t e d  i n  g l a s s  d i s t i l l e d  
w a t e r ) ,  r e m a in e d  a p p r o x i m a t e l y  c o n s t a n t  t h r o u g h o u t  t h e  
e x p e r i m e n t s ,  a l t h o u g h  t h e  a c t u a l  g ro w th  r a t e s  o£ e a c h  
s e t  o f  r o o t s  i n c r e a s e d  w i t h  t i m e .  I t  does n o t  seem 
l i k e l y  t h a t  t h e  e f f e c t  o f  r o t a t i o n  was to  c a u s e  an 
i n c r e a s e  i n  t h e  I .A .A .  c o n t e n t  o f  t h e  r o o t  — a t  s t i m ­
u l a t o r y  I ,A .A .  c o n c e n t r a t i o n s  t h e  s t i m u l a t i o n  was m a i n t a i n e d  
t h r o u g h  t h e  w hole  e x p e r i m e n t ,  i n d i c a t i n g  t h a t  no a ,d d i t i o n a l  
I . A . A .  h a d  been  p ro d u c e d  i n  t h e  r o o t ,  ( c f .  B r a i n ) .  The 
o b s e r v e d  g ro w th  r a t e s  a p p t é r  t o  be d u e ,  as  L a r s e n  s u g g e s t e d ,  
t o  some e f f e c t  o f  g r a . v i t y  on t h e  r o o t  c e l l s  d u r i n g  r o t a t i o n .  
The e x i s t e n c e  o f  t h e  e f f e c t  o b v i o u s l j r  h a d  t o  be t a k e n  i n t o  
c o n s i d e r a t i o n  i n  t h e  s t u d y  o f  g ro w th  i n  g e o t i o p i c  e x p e r i m e n t s ,
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when r o o t s  w ere  r o t a t e d  b e f o r e  and a f t e r  g e o t r o p i c  
s t i m u l a t i o n .  The d e t a i l e d  gro\^^bh r a t e s  o f  u p p e r  and lower  
s i d e s  o f  g e o t r o p i c a l l y  s t i m u l a t e d  r o o t s  w e re ,  t h e r e f o r e ,  
a lw ays  com pared  w i t h  g rov / th  r a t e s  o f  r o t a t e d  b u t  u n s t i m u l a t e d  
r o o t s  r a t h e r  t h a n  w i t h  g ro w t h  r a t e s  o f  s t a t i o n a r y ,  v e r t i c a l  
r o o t s .
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THE EFPEGT 0? VARIOUS EXTERNALLY /iPPLIED I .A .A .
CONCENTRATI0R8 OR WHOLE ROOT GROWTH.
As p r e v i o u s l y  r e p o r t e d ,  t h e  e f f e c t  o f  d i f f e r e n t
e x t e r n a l l y  a p p l i e d  I .A .A .  c o n c e n t r a t i o n s  on c e l l  e l o n g a t i o n
o f  r o o t  s e c t i o n s  was s t u d i e d .  I t  was p l a n n e d  t o  u t i l i s e
t h e s e  r e s u l t s  i n  t h e  e s t i m a t i o n  o f  p o s s i b l e  i n t e r n a l  I .A .A .
c o n c e n t r a t i o n s  on t h e  u p p e r  and low er  s i d e s  o f  t h e  r o o t
a t  d i f f e r e n t  s t a g e s  o f  g e o t r o p i c  c u r v a t u r e .  T o t a l  grovrth
o f  t h e  r o o t  s e c t i o n s ,  r e l a t i v e  t o  c o n t r o l s ,  i n  t h e  v a r i o u s
I . A . A .  s o l u t i o n s  vras c a l c u l a t e d .  Growth o f  r o o t s  d u r i n g
t h e  g e o t r o p i c  r e a c t i o n  c o u l d  t h e n  be c o r r e l a t e d  v / i th  I .A .A .
c o n c e n t r a t i o n s  knovm t o  caia e s u c h  gro\\rth when a p p l i e d
e x t e r n a l l y  t o  r o o t  s e c t i o n s .  At f i r s t  t h e s e  s e c t i o n
r e s u l t s  w ere  a c t u a l l y  u s e d  i n  t h e  e s t i m a t i o n  o f  i n t e r n a )
I . A . A .  c o n c e n t r a t i o n s  i n  t h e  r o o t s . ( S e e  p age  SO f o r
d e t a i l s  o f  t h e  t y p e  o f  m ethod  u s e d ) .  I t  was e s t i m a t e d
t h a t  d u r i n g  c u r v a t u r e  t h e r e  v/as a  d i f f e r e n c e  o f  a b o u t
1000 t i m e s  b e tw e en  t h e  p o s s i b l e  a u x i n  c o n c e n t r a t i o n s  i n
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t h e  u p p e r  and lov/er h a l v e s  o f  a  r o o t .  (10 p . p . m .  I .A .A .  
on t h e  u p p e r  s i d e  and 1 p . p . m .  I . A . A .  om t h e  lovrer s i d e ) .  
Assuming t h a t  a u x i n  was r e g u l a t i n g  g r o \ f t h ,  s u c h  l a r g e  
d i f f e r e n c e s  i n  c o n c e n t r a t i o n  seemed q u e s t i o n a b l e  and 
r a i s e d  d o u b t s  as to  t h e  v a l i d i t y  o f  t h e  method o f  
e s t im a i t  i o n .  E x p e r im e n t s  w ere  t h e r e f o r e  c a r r i e d  o u t  v / i th  
v/hole r o o t s  t r e a . t e d  w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  I .A .A .  
s o l u t i o n .  Whole r o o t  growbh was com pared  v r i th  t h a t  o f
GRAPH 1 .  RELATIVE GROV/TH OP ROOT SECTI )HS IH I .A .A .  PLUS
1 /2  % SUCROSE.
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r o o t  s e c t i o n s  t r e a t e d  w i t h  i d e n t i c a l  I .A .A ,  s o l u t i o n s  to
d i s c o v e r  x^/hether a u x i n  h a d  a  d i f f e r e n t  g ro w th  e f f e c t  on
s e c t i o n s  and w hole  r o o t s .
The g r o w th  r a t e s  o f  r o o t s  r o t a t e d  w i t h o u t  s t i m u l a t i o n
i n  I .A .A . '  s o l u t i o n s  a t  c o n c e n t r a t i o n s  f ro m  1 p . p . m .  to  
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10 p . p . m .  were  compared  w i t h  t h e i r  r e  l a v e n t  c o n t r o l s  
i n  g l a s s  d i s t i l l e d  v / a t e r .  The r o o t s  were  r o t a t e d  h o r i ­
z o n t a l l y  r a t h e r  t h a n  b e i n g  grown v e r t i c a l l y  so t h a t ,  
a p a r t  f r o m  s t i m u l a t i o n ,  t h e  c o n d i t i o n s  w ere  e x a c t l y  t h e  
same as  i n  a  g e o t r o p i c  e x p e r i m e n t .  I n c r e a s e  i n  l e n g t h  
o f  t h e  r o o t s  was m e asu red  w i t h  t h e  t r a v e l l i n g  m ic ro s c o p e  
f r o m  t h e  p h o to g r a .p h ic  n e g a t i v e s .  F o r  t h e  f i r s t  3 h o u r s  
t h e  g ro w th  f a t e  was h o t  t a k e n  i n t o  a c c o u n t  s i n c e  t h i s  
p e r i o d  i n  g e o t r o p i c  e x p e r i m e n t s  was a l l o w e d  f o r  p e n e t r a t i o n  
o f  t h e  h o rm o n e . A f t e r  t h i s  t i m e ,  % g ro w th  a t  e a c h  I .A .A ,  
c o n c e n t r a t i o n , c o m p a r e d  w i t h  c o n t r o l  g ro w th  o v e r  t h e  same 
p e r i o d  o f  t i m e ,w a s  c a l c u l a t e d .  R e s u l t s  a r e  p l o t t e d  i n  
g r a p h  2 1 .  ( D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d ix  on 
p ag e  From t h i s  g r a p h  i t  w i l l  be s e e n  t h a t  t h e  g ro w th
r e a c t i o n  o f  v/hole r o o t s  t o  v a r i o u s  I .A .A .  c o n c e n t r a t i o n s  
d i f f e r e d  f ro m  t h a t  o f  r o o t  s e c t i o n s  i n  t h e  same c o n c e n t r a t i o n .  
(Compare w i t h - g r a p h  1: , r e p r o d u c e d  h e r e ) .  The d i f f e r e n c e  
was l a r g e l y  one o f  d e g r e e ,  a t  a n y  i n h i b i t o r y  c o n c e n t r a t i o n  
o f  I . A . A .  g r o w th  was c o n s i d e r a b l y  l e s s  i n  whole r o o t s
t h a n  i n  r o o t  s e c t i o n s  i n  an i d e n t i c a l  c o n c e n t r a t i o n ;  i . e .
—2
a t  10 p . p . m .  I . A . A . ,  more t h a n  50% g ro w th  i n h i b i t i o n  
o c c u r r e d  i n  whole  r o o t s ,  w h i l s t  i n  r o o t  s e c t i o n s  l e s s
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t h a n  20% i n h i b i t i o n  r e s u l t e d .  Groxrth was s t i m n l a t e d  a t
-4  -6
c o n c e n t r a t i o n s  f ro m  10 t o  10 p . p . m .  I . A . A .  i n  r o o t
s e c t i o n s .  I n  whole  r o o t s ,  g ro w t h  s t i m u l a t i o n  was o n l y
—4
f o u n d  i n  s o l u t i o n s  o f  10 p . p . m .  I . A . A .  and n o rm a l  g r o w t h
-5
o c c u r r e d  a t  10 p . p . m .  I . A . A .  I t  was i m p o r t a n t  t h a t  t h e  
I . A . A .  c o n c e n t r a t i o n  p o s s i b l y  r e s p o n s i b l e  f o r  t h e  
i n h i b i t i o n  on t h e  low er  s i d e  o f  a  g e o t r o p i c a l l y  s t i m ­
u l a t e d  r o o t  s h o u l d  be e s t i m a t e d  w i t h  a  f a i r  d e g r e e  o f  
a c c u r a c y .  T h e r e f o r e ,  a  d e c i s i o n  h a d  t o  be made a s  to  
w h ic h  I . A . A .  r e s u l t s ,  s e c t i o n  o r  whole  r o o t  g ro w th ,  
c o u l d  be r e g a r d e d  as c o r r e c t .
A s e c t i o n  c o n t a i n e d  o n l y  t h a t  amount o f  n a t i v e  
a u x i n  p r e s e n t  when i t  was c u t ,  w h e rea s  I . A . A .  was p o s s i b l y  
c o n s t a n t l y  b e i n g  fo rm ed  i n  t h e  whole  r o o t  a t  t h e  t i p  and 
b e i n g  t r a n s p o r t e d  down f ro m  t h e  c o t y l e d o n s  and t h e  s h o o t .  
F rom  t h i s  p o i n t  o f  v ie w ,  t h e  g ro iv th  o f  r o o t  s e c t i o n s  was 
p r o b a b l y  due s o l e l y  t o  t h e  known amnunt o f  ad d ed  a u x i n ,  
b u t  i n  t h e  w hole  r o o t  an unlcnown amount o f  n a t i v e  a u x i n  
was p o s s i b l y  p r e s e n t  a f f e c t i n g  t h e  f i n a l  c o n c e n t r a t i o n  
when a u x i n  was a p p l i e d  e x t e r n a l l y  t o  t h e  r o o t .
The r o o t  ^ . s e c t io n  e x p e r i m e n t s  e x t e n d e d  o v e r  p e r i o d s  
o f  3 d a y s .  D u r in g  t h i s  t im e  much b a c t e r i a l  b reakdow n 
o f  t h e  a p p l i e d  I . A . A .  s o l u t i o n s  t o o k  p l a c e .  T h is  
a c c o u n t e d  f o r  t h e  s m a l l e r  amount o f  i n h i b i t i o n  a t  any  
h i g h  c o n c e n t r a t i o n  compared w i t h  t h a t ^ i n  \d io le  r o o t s .
The r o t a t i o n  e x p e r i m e n t s  o n l y  l a s t e d  a b o u t  8 h o u r s  
so  t h a t  t h e r e  was l e s s  l i k e l i h o o d  o f  b a c t e r i a  h a v i n g
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a  marked e f f e c t  on h i g h  a u x i n  c o h c e n t r a t i o n s .
In  t h e  whole  r o o t  e x p e r i m e n t s ,  t h e r e  was a  c o n s i d e r a b l e  
e x c e s s  o f  e x t e r n a l  I .A .A .  s o l u t i o n .  Even i f  t h e  I .A .A .  
was d e s t r o y e d  r a p i d l y  w i t h i n  t h e  r o o t ,  more c o u l d  be 
c o n t i n u a l l y  a b s o r b e d  w i t h o u t  m a t e r i a l l y  a f f e c t i n g  t h e  
e x t e r n a l  c o n c e n t r a t i o n .  I n  t h e  r o o t  s e c t i o n  e x p e r i m e n t s ,  
t h e r e  was o n l y  a  s m a l l  r e s e r v e  o f  I .A .A .
A number o f  w o r k e r s ,  i n c l u d i n g  Thimann and  S c h n e i d e r  
( 1 9 3 9 ) ,  A very ,  B e rg e r  and  S c h a l u c h a  (1942)  and M u i r ,H a n s c h  
and G a l l u p  ( 1 9 4 9 ) ,  h av e  shdwn t h a t  t h e  d e g r e e  o f  a c t i v i t y  
o f  grovrth  s u b s t a n c e s  v a r i e s  w i t h  t h e  t e s t  m ethod  u s e d .
S i n c e  c o n d i t i o n s  were s o  d i f f e r e n t  i n  s e c t i o n s  and whole  
r o o t s  some d i f f e r e n c e  i n  t h e i r  r e a c t i o n  t o  I .A . A .  was o n l y  
t o  be e x p e c t e d .
E v id e n c e  was g i v e n  by  S u t t e r  (1944 )  and c o n f i r m e d  
b y  Huber (1 9 5 1 )  t h a t  t h e  amount o f  g ro w t h  s u b s t a n c e  t a k e n  
up by  a  r o o t  wa,s p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  
t h e  e x t e r n a l  s o l u t i o n ,  a f t e r  an i n i t i a l  p e r i o d  d u r i n g  
w h ic h  t h e  horm one p r im a r i l y  e n t e r e d  t h e  r o o t .  T h i s  i n i t i a l  
p e r i o d  was f i x e d  a t  2 h o u r s .  I n  t h e  p r e s e n t  r e s e a r c h  
I . A . A .  was g i v e n  3 h o u r s  t o  p e n e t r a t e  t h e  r o o t s  b e f o r e  
g r o w th  m e asu re m e n ts  were  made.  T h e r e f o r e ,  a c c o r d i n g  t o  
S u t t e r  and  Huber t h e  i n t e r n a l  I . A . A .  c o n c e n t r a t i o n  o f  
t h e  r o o t s ,  a f t e r  t h e  3 h o u r  p e n e t r a t i o n  p e r i o d ,  s h o u l d  
be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  t h e  
e x t e r n a l  s o l u t i o n .
A f t e r  c o n s i d e r i n g  t h e  above p o i n t s ,  i t  was d e c i d e d
8b
t h a t  t h e  e x p e r i m e n t s  w i t h  w hole  r o o t s  would  p r o v e  more 
r e l i a b l e  t h a n  t h o s e  on r o o t  s e c t i o n s  f o r  t h e  a t t e m p t e d  
d e t e r m i n a t i o n  o f  t h e  p o s s i b l e  r e l a t i o n s h i p  b e tw een  I .A .A .  
and t h e  grovrbh o f  a  r o o t  d u r i n g  g e o t r o p i c  c u r v a t u r e #
U s in g  t h e s e  r e s u l t s ,  i n  a  manner w h ic h  w i l l  be d e s c r i b e d ,  
t h e  e s t i m a t e d  r e l a t i v e  v a l u e s  o f  I .A #A . c o n c e n t r a t i o n s  
i n  t h e  c u r v i n g  r o o t  s h o u l d  be f a i r l y  a c c u r a t e ,  a l t h o u g h  
t h e  a b s o l u t e  i n t e r n a l  c o n c e n t r a t i o n s  c o u l d  n o t  be 
d e t e r m i n e d .  At l e a s t  t h e  p o s s i b l e  d e g r e e  o f  d i f f e r e n c e  
i n  c o n c e n t r a t i o n  b e tw e en  t h e  two s i d e s  o f  t h e  r o o t  
n e c e s s a r y  t o  p r o d u c e  c u r v a t u r e  s h o u l d  be shov/n, a s sum ing  
t h a t  I . A . A .  was t h e  compound r e g u l a t i n g  r o o t  g r o w th .
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lETERMIIATIQlT OP POSSIBLE I . A . A .  COITCSNTRATIOI^.
The r o t a t i o n  e f f e c t  h a d  t o  be tsJcen i n t o  c o n s i d e r a t i o n
when co m p ar in g  t h e  g ro w th  r a t e s  o f  r o o t s  d u r i n g  t h e  g e o t r o p i c
r e a c t i o n  w i t h  t h o s e  o f  s t r a i g h t  c o n t r o l  r o o t s .  The mean
g r o w th  r a t e s ,  p l u s  s t a n d a r d  d e v i a t i o n s ,  o f  u n s t i m u l a t e d
b u t  r o t a t e d  r o o t s  f ro m  t h r e e  e x p e r i m e n t s  w e re ,  t h e r e f o r e ,
p l o t t e d  a g a i n s t  t i m e  f o r  c o m p a r i s o n  w i t h  t h e  grovrth  r a t e s  
>
i n  a l l  g e o t r o p i c a l l y  s t i m u l a t e d  r o o t s .  The fo rm e r  g r o i r t h  
r a t e s  w ere  d e t e r m i n e d  o v e r  h o u r l y  p e r i o d s  d u r i n g  t h e  
e x p e r i m e n t s .  (See  g r a p h  i O ) .
A d i r e c t  c o m p a r i s o n  o f  g r i w t h  r a t e s  o f  s t i m u l a t e d  
r o o t s  w i t h  g ro w th  r a t e s  o f  u n s t i m u l a t e d  r o o t s  i n  known 
I . A . A .  c o n c e n t r a t i o n s  c o u l d  n o t  be made b e c a u s e  o f  day  
t o  d ay  v a r i a t i o n s  i n  t h e  gro^^rth and r e a c t i o n s  o f  t h e  
r o o t s .  I t  was n e c e s s a r y  t o  r e f e r  g ro w th  m easu rem e n ts  
t o  t h e i r  a p p r o p r i a t e ,  c o n t r o l s  f o r  c o m p a r i s o n  as  
p e r c e n t a g e s  o f  t h e s e  c o n t r o l s .  The p o s s i b l e  i n t e r n a l  
I . A . A .  c o n c e n t r a t i o n s  o f  g e o t r o p i c a l l y  s t i m u l a t e d  r o o t s  
w ere  t h e n  e s t i m a t e d  as f o l l o w s
1 )  The g r o w th  r a t e s ,  o v e r  f i x e d  t im e  p e r i o d s ,  were  
c a l c u l a t e d  f r o m  m easu rem en ts  made o f  t h e  i n c r e a s e  i n  
l e n g t h  o f  t h e  u p p e r  and lo w er  s i d e s  o f  t h e  r o o t s  d u r i n g  
t h e  g e o t r o p i c  r e a c t i o n .  The t im e  p e r i o d s  u s e d  a r e  
d e s c r i b e d  on p ag e  9 The mean g ro w th  r a t e s  f o r  e a c h  
s i d e ,  w i t h  s t a n d a r d  d e v i a t i o n s ,  were  p l o t t e d  a g a i n s t  t i m e .
A t r a c i n g ,  on t h e  same s c a l e ,  o f  t h e  mean g ro w th  r a t e s
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p l u s  s t a n d a r d  d e v i a t i o n s ,  o f  r o t a t e d  b u t  u n s t i m u l a t e d  
r o o t s , p l o t t e d  a g a i n s t  t i m e ,  ( g r a p h  ao) was s u p e r im p o s e d  
o v e r  t h e  g r a p h f o f .  g r o w t h c r  a t e s - d u r i n g e g e o t r d p i i s m .  Thus 
a  c o m p a r i s o n  c o u l d  be made o f  g ro w th  r a t e s  i n  g e o t r o p i c a l l y  
s t i m u l a t e d  and  u n s t i m u l a t e d  r o o t s  d u r i n g  t h e  same p e r i o d s  
a f t e r  r o t a t i o n  commenced. When t h e s e  g ro w th  r a t e s  were  
s i g n i f i c a n t l y  d i f f e r e n t ,  mean g r o w th  r a t e s  were com pared ,
I f  t h e  s t a n d a r d  d e v i a t i o n s  p l o t t e d  showed t h a t  t h e  g ro w th  
r a t e s -  d i d  n o t  d i f f e r  s i g n i f i c a n t l y ,  t h e y  were  t a k e n  t o  
be e q u a l .  The % g ro w th  r a t e s  o f  s t i m u l a t e d  r o o t s ,  d u r i n g  
v a r i o u s  s t a g e s  o f  c u r v a t u r e  and r e c o v e r y ,  r e l a t i v e  t o  
c o r r e s p o n d i n g  u n s t i m u l a t e d  c o n t r o l  r a t e s  c o u l d  t h u s  be 
c a l c u l a t e d .
2 )  ^  g ro w t h  r a t e s ,  com pared  w i t h  c o n t r o l s ,  o f  u n s t i m u l a t e d
b u t  r o t a t e d  r o o t s  i n  v a r i o u s  I .A .A .  c o n c e n t r a t i o n s  h a g  
b ee n  d e t e r m i n e d  and p l o t t e d . ( Graph 2 1 ) .
The v a lu e r f d r r a t ^ & e g f o w th ' - r a t e " ^ o b t a in e d  f ro m  1 
when r e a d  o f f  on t h e  g r a p h  d e s c r i b e d  i n  2 gave  t h e  I .A .A .  
c o n c e n t r a t i o n  w h ic h  was r e s p o n s i b l e  f o r  t h i s  grovrth 
e f f e c t .  The  l i k e l y  I . A . A .  c o n c e n t r a t i o n s  on t h e  u p p e r  
and lo w er  s i d e s  o f  . th e  r o o t s  t h r o u g h o u t  t h e  g e o t r o p i c  
r e a c t i o n  c o u l d  t h u s  be e s t i m a t e d .
T h is  e s t i m a t i o n  was b a s e d  on t i  e a s s u m p t io n  t h a t
t h e  r e l a t i o n s h i p  b e tw een  gro\-rth r a t e  and t h e  knov/n
e x t e r n a l  I .A .A .  c o n c e n t r a t i o n  was t h e  same as t h a t
b e tw e e n  g ro w th  r a t e  and  t h e  unknown i n t e r n a l  I .A .A .  
c o n c e n t r a t i o n .  A ls o ,  f . i s  n a t u r a l  eu u iu  ir. r ’le
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c o n c e n t r a t i o n .  A l s o ,  t h a t  t h e  n a t u r a l  a u x i n  i n  t h e  p e a  
r o o t  was I . A . A .  and t h a t  i t  was p l a y i n g  an i m p o r t a n t  
p a r t  i n  r o o t  gro%\rth. T h ere  i s  c o n s i d e r a b l e  e v i d e n c e  t h a t  
I . A . A .  i s  p r e s e n t  i n  t h e  p e a  r o o t , ( s e e  i n t r o d u c t i o n ) ,  and  
an  a t t e m p t  t o  e s t i m a t e  i t s  c o n c e n t r a t i o n  w i t h i n  t h e  r o o t  
seemed j u s t i f i e d .  But t h e  above a s s u m p t io n s  h a v e  n e v e r  
b ee n  a b s o l u t e l y  e s t a b l i s h e d  and t h e r e f o r e ,  t h e  e s t i m a t e d  
v a r i a t i o n  i n  I . A . A .  c o n c e n t r a t i o n  i n  t h e  r o o t  d u r i n g  
g e o t r o p i c  c u r v a t u r e  m aj be i n c o r r e c t .
The u s e  o f  t h e  a n t i - a u x i n  I I . I I .S .P ,  showed t h a t  some 
hormone was c o n c e r n e d  w i t h  g ro w th  r e g u l a t i o n  d u r i n g  
c u r v a t u r e .  T h e r e f o r e ,  f ro m  a  d e t a i l e d  s t u d y  o f  g ro w th  
d u r i n g  t h e  g e o t r p p i c  r e a c t i o n ,  even i f  t h e  hormone 
i n v o l v e d  was n o t  I . A . A . , t h e  t^^pe o f  c h a n g e ,  i f  an y .  
t h a t  t o o k  p l a c e  i n  t h e  hormone c o n c e n t r a t i o n  c o u l d  be 
i n f e r r e d .  I n h i b i t e d  grovrth b e i n g  p r e s u m a b ly  due to  an 
i n c r e a s e  i n  hormone c o n c e n t r a t i o n ,  vrhereas t h e  s t i m u l a t i o n  
o f  g r o w t h  w ou ld  be due t o  a  d e c r e a s e  i n  c o n c e n t r a t i o n .
T h ro u g h o u t  t h e  t h e s i s  i t  h a s  b ee n  as sum ed ,  u n l e s s  
o t h e r w i s e  s t a t e d ,  t h a t  I . A . A .  was t h e  hormone c o n c e rn e d  
w i t h  r o o t  g ro w t h  d u r i n g  g e o t r o p i s m .  However,  a l l  r e m a rk s  
made i n  t h e  v a r i o u s  d i s c u s s i o n s  on g e o t r o p i s m  c o n c e n n in g  
I . A . A .  a r e  e q u a l l y  a p p l i c a b l e  t o  iVbatever hormone was 
p r e s e n t ,  e x c e p t  where  s p e c i f i c  r e f e r e n c e  i s  made to  a c t u a l  
I . A . A .  c o n c e n t r a t i o n s  w i t h i n  t h e  r o o t s .
84
ANALYSIS 0? GR’OOTH DURIHG THE GEOTRPPIC REACTION.
As e x p l a i n e d  e a r l i e r ,  (p ag e  6 2 ) ,  t h e  g ro w t h  r a t e s
o f  t h e  u p p e r  and lower  s i d e s  o f  e ach  r o o t  i n e e v e r y  
e x p e r i m e n t  were  worked  o u t  f o r  s i x  t im e  i n t e r v a l s  d u r i n g  
t h e  g e o t r o p i c  r e a c t i o n .  P o r  c o n v e n i e n c e ,  l a t e r ,  t h e  t im e  
i n t e r v a l s  w ere  d e n o t e d  as  f o l l o w s
T^ ( 1 s t  t o  2nd m e a s u r e m e n t ) T h re e  h o u r s  p r i o r  t o  s t i m u l a t i o n .
Tp (2nd t o  3 r d  m e a s u r e m e n t ) Time f ro m  b e g i n n i n g  o f  s t i m ­
u l a t i o n  t o  50% maximum c u r v a t u r e .
( 3 r d  t o  4 t h  m e a s u re m e n t )  Time f ro m  50% t o  maximum
c u r v a t u r e .
T. ( 4 t h  t o  5 t h  m e a s u r e m e n t ) Time f ro m  maximum c u r v a t u r e  t o
50% r e c o v e r y .
T ( 5 t h  t o  6 t h  m e a su re m e n t )  Time f ro m  50% r e c o v e r y  t o
^ f u l l  recove ry jL or
T^ ( 6 t h  t o  7 t h  m e a su re m e n t )  Time f ro m  f u l l  r e c o v e r y  t o
end o f  e x p e r i m e n t .
These  t im e  i n t e r v a l s  w ere  c h o s e n  to  g i v e  a  c l e a r  
p i c t u r e  o f  v a r i a t i o n s  i n  g ro w t h  r a t e s  o f  t h e  r o o t s  
d u r i n g  t h e  g e o t r o p i c  r e a c t i o n  a,nd a u t o t r o p i s m .  Tp t o  Tg 
w ere  a p p r o x i m a t e l y  60 m i n u t e s  e a c h .  Enough g r o w th  to o k  
p l a c e  i n  1 h o u r  t o  a l l o w  f o r  q u i t e  a c c u r a t e  m easurem en t  
o f  t h e  i n c r e a s e  i n  l e n g t h  t o  be made. S h o r t e r  t im e  
i n t e r v a l s  i n t r o d u c e d  g r e a t e r  e r r o r s  i n t o  t h e  mea,surements 
and p r o v e d  i m p r a c t i c a b l e .
L \  O
GRAPH 2 ? .  KPAH G:''Q\7TH HAT5S OP UPPER MTD SIIiES OF ROOTS
IH a'~PQR!'G\L~ GKOTROPIC REACTION.~ ------- r--
G rw t'H  r a t e s  m e a s u re d  o v e r  s t a t e d  t im e  i n t e r v a l s ' .
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A TYPICAL GEOTRPPIC REACTION.
The g r o w t h  o f  t h e  c o n t r o l  r o o t s  o f  t h e  H .M .S .P .  
e x p e r i m e n t s  d±b u s e d  t o  d e s c r i b e  t h i s  r e a c t i o n .  ( D e t a i l e d  
r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  on pages
Graph 22 shows t h e  mean g ro w th  r a t e s  o f  t h e  u p p e r
ejid lo w e r  s i d e s  o f  t h e s e  r o o t s  f o r  t h e  s i x  t im e  i n t e r v a l s .  
L . S . D .  a t  t h e  5% l e v e l  b e tw e en  t h e  grovrth  r a t e s  i s  a l s o  
p l o t t e d .
C om par ison  o f  t h e  mean g ro w th  r a t e s  o f  UPEBR and LOWER 
s i d e s  d u r i n g  e a c h  t im e  i n t e r v a l .
T^ D u r in g  t h e  f i r s t  3 h o u r s ,  v h e n  t h e  r o o t s  were  r o t a t e d
p r i o r  t o  s t i m u l a t i o n ,  t h e  g ro w th  r a t e s  o f  upper  and 
lo w e r  s i d e s  w ere  t h e  same.  The r o o t s  r e m a in e dV
s t r a i g h t  d u r i n g  t h i s  p e r i o d .  R o t a t i o n  ca u s e d  no 
au tonom ous c u r v a t u r e s .
Tg C u r v a t u r e  s t a r t e d  i n  r e s p o n s e  t o  t h e  40 m in u te s
g r a v i t a t i o n a l  s t i m u l u s  g i v e n  a t  t h e  b e g i n n i n g  o f  
t h i s  p e r i o d .  The g ro w t h  r a t e  o f  t h e  u p p e r  s i d e s  
o f  t h e  r o o t s  was c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  o f  
t h e  lovrer s i d e s .
T^ D u r in g  t h i s  t im e  i n t e r v a l ,  i n s t e a d  o f  t h e  mean g row th
r a t e  o f  t h e  u p p e r  s i d e s  i n c r e a s i n g  s t i l l  f u r t h e r ,  as 
would  be e x p e c t e d  s i n c e  c u r v a t u r e  was r e a c h i n g  i t s  
maximum, t h e  mean g r o w th  r a t e s  o f  b o t h  s i d e s  d ro p p e d .  
The lov/er s i d e s  g rew  v e r y  s l o w l y  and t h e  u p p e r  s i d e s  
g r - 7  cvt t h e i r  o r i g i n a l  r - t o y . a t
sê
grew  a t  t h e i r  o r i g i n a l  r a t e  d u r i n g  The u p p e r
s i d e s  h a d  a  mean g r o w th  r a t e  244% h i g h e r  t h a n  t h a t  
o f  t h e  low er  s i d e s .
The h i g h e r  g ro w th  r a t e s  o f  t h e  u p p e r  s i d e s  d u r i n g  
Tg and com pared  w i t h  t h e  g ro w th  r a t e s  o f  t h e  low er  
s i d e s  a c c o u n t e d  f o r  t h e  o b s é r v e d  c u r v a t u r e .
T^ D u r in g  t h i s  p e r i o d  t h e  r o o t s  w ere  b e g i n n i n g  t o
s t r a i g h t e n  a g a i n  and t h e  g ro w th  o f  t h e  low er  s i d e s  
i n c r e a s e d  c o n s i d e r a b l y .  T h e i r  mean g ro w th  r a t e  
became g r e a t e r  t h a n  t h a t  o f  t h e  u p p e r  s i d e s  by
a b o u t  40%. Growth o f  t h e  u p p e r  s i d e s  r e m a in e d  a t
t h e  same l e v e l  as  d u r i n g  T .
o
T As s t r a i g h t e n i n g  c o n t i n u e d ,  t h e  g ro w th  r a t e s  o fo
b o t h  s i d e s  i n c r e a s e d ,  b u t  d u r i n g  T^ g r o w th  o f  t h e  
low er  s i d e s  was s t i l l  v e r y  s i g n i f i c a n t l y  h i g h e r  
t h a n  t h a t  o f  t h e  u p p e r  s i d e s .
Tg D u r in g  T^ t h e  mean g ro w th  r a t e s  o f  t h e  u p p e r  and
low er  s i d e s  were  n o t  s i g n i f i c a n t l y  d i f f e r e n t ,  t h e  
r o o t s  b e i n g  once more s t r a i g h t .
The g ro w th  r a t e s  o f  t h e  u p p e r  and  low er  s i d e s  
d u r i n g  g e o t r o p i s m  and a u t o t r o p i s m  were  t h e n  compared 
w i t h  t h e  grov.rth r a t e s  o f  r o t a t e d ,  b u t  u n s t i m u l a t e d  r o o t s .  
(S e e  g r a p h  2 0 ,  r e p e a t e d  h e r e ) .
UPPER SIDES.
D u r in g  t h e  f i r s t  3 h o u r s  o f  r o t a t i o n  t h e r e  was no 
d i f f e r e n c e  b e tw e en  t h e  g ro w th  r a t e s  o f  t h e  two
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s e t s  o f  r o o t s .  T h i s  was o n l y  t o  he e x p e c t e d  s i n c e  
t h e  e x p e r i m e n t a l  s e t  h a d  n o t  b e e n  s u b j e c t e d  t o  ahy  
g r a v i t a t i o n a l  s t i m u l u s .
Tg A g a in ,  d u r i n g  t h e  p e r i o d  o f  i n i t i a l  c u r v a t u r e  i n  
t h e  r o o t s  s t i m u l a t e d  by g r a v i t y ,  t h e r e  was no 
d i f f e r e n c e  b e tw e e n  t h e  mean g ro w th  r a t e  o t t h e i r  
u p p e r  s i d e s  and t h a t  o f  u n s t i m u l a t e d  r o o t s .
T ,T ,T . D u r in g  t h e  p e r i o d  i n  w h ic h  f u l l  c u r v a t u r e  
3 4 5
was a t t a i n e d  and t h r o u g h o u t  t h e  r e c o v e r y  p r o c e s s ,  
t h e  g r o w t h  r a t e  o f  t h e  u p p e r  s i d e s  o f  t h e  s t i m u l a t e d  
r o o t s  was s i g n i f i c a n t l y  lo w e r  t h a n  t h a t  o f  
u n s t i m u l a t e d  r o o t s .
Tg The mean gvoxrth  r a t e s  o f  s t i m u l a t e d  and  u n s t i m u l a t e d
r o o t s  w ere  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
LOWER SIIIES.
T^ P r i o r  t o  s t i m u l a t i o n ,  t h e  g r o w th  r a t e  o f  t h e  low er
s i d e s  o f  t h e  e x p e r i m e n t a l  r o o t s  d i d  n o t  d i f f e r  f ro m  
t h a t  o f  c o n t r o l s .
Tg At t h e  b e g i n n i n g  o f  c u r v a t u r e ,  t h e  g ro w th  r a t e  o f
t h e  lo w e r  s i d e s  o f  s t i m u l a t e d  r o o t s  was much low er  
t h a n  t h a t  o f  t h e  u n s t i m u l a t e d  c o n t r o l  r o o t s .
T^ The mean g ro w th  r a t e  o f  t h e  low er  s i d e s  was even
low er  t h a n  d u r i n g  T^# I t  was v e r y  much lo w er  t h a n  
t h a t  o f  t h e  c o n t r o l  r o o t s .
T h is  was t h e  p e r i o d  d u r i n g  w h ic h  maximum c u r v a t u r e  
o c c u r r e d  i n  t h e  s t i m u l a t e d  r o o t s .  T h e r e f o r e ,  i t
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w ould  be e x p e c t e d  t h a t  a t  t h i s  t im e  t h e  concave  
s i d e s  o f  t h e  r o o t s  would  h a v e  a  v e r y  low r a t e  o f  
g row th#
The g ro w th  r a t e s  o f  t h e  u n s t i m u l a t e d  r o o t s  
and t h e  lo w er  s i d e s  o f  t h e  s t i m u l a t e d  r o o t s  w ere  
n o t  s i g n i f i c a n t l y  d i f f e r e n t #
An e x a m i n a t i o n  o f  t h e  g r a p h s  o f  t h e  mean g ro w th  r a t e s  
o f  t h e  u p p e r  and  low er  s i d e s  o f  g e o t r o p i c a l l y  s t i m u l a t e d  
r o o t s  seemàAto i n d i c a t e  t h a t  t h e r e  was some s t i m u l a t i o n  
o f  t h e  g r o w th  r a t e  on t h e  u p p e r  s i d e s  a t  t h e  b e g i n n i n g  
o f  c u r v a t u r e #  An i n c r e a s e  i n  t h e  mean g ro w th  r a t e  o f  
t h e  u p p e r  s i d e s  o c c u r r e d  q u i t e  s u d d e n l y  a f t e r  g r a v i t a t i o n a l  
s t i m u l a . t i o n  and  i t  was q u e s t i o n a b l e  w h e th e r  i t  c o u l d  be 
a c c o u n t e d  f o r  i n  t e rm s  o f  a  r o t a t i o n  e f f e c t  on t h e  g ro w th  
r a t e .  However,  d u r i n g  t h e  f i r s t  3 h o u r s  i n  a  s t r a i g h t  
r o t a t i o n  e x p e r i m e n t ,  w i t h o u t  g r a v i t a t i o n a l  s t i m u l a t i o n ,  
t h e  g ro w t h  r a t e  d i d  n o t  i n c r e a s e  v e r y  r a p i d l y .  I t  was 
o n l y  a f t e r  t h i s  t im e  t h a t  t h e  g r o w th  r a t e  s t a r t e d  t o  r i s e .  
I t  was a t  t h i s  same t im e  t h a t  c u r v a t u r e  began  i n  
s t i m u l a t e d  r o o t s .  A c o m p a r i s o n  o f  t h e  mean g ro w th  r a t e s  
d u r i n g  t h i s  t im e  (T^} o f  t h e  u p p e r  s i d e s  o f  s t i m u l a t e d  
and u n s t i m u l a t e d  r o o t s  shows t h a t  t h e r e  was no s i g n i f i c a n t  
d i f f e r e n c e  b e tw e e n  th e m .  T h e re  w as ,  a p p a r e n t l y ,  no 
s t i m u l a t i o n  o f  grovfth  on t h e  u p p e r  s i d e s  o f  r o o t s  d u r i n g  
g e o t r o p i s m .  A l l  c u r v a t u r e  was p r o d u c e d  by  i n h i b i t i o n  o f
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g r o w t h  on t h e  low er  s i d e s  o f  t h e  r o o t s  a t  f i r s t  (T ^ ) ,  
f o l l o w e d  by  i n h i b i t i o n  on b o t h  s i d e s  d u r i n g  T«,
T h ro u g h o u t  T^ c u r v a t u r e  c o n t i n u e d  t o  i n c r e a s e  b e c a u s e  t h e  
i n h i b i t i o n  on t h e  u p p e r  s i d e s  was so  much l e s s  t h a n  t h a t  
on t h e  lo w er  s i d e s #
T hese  r e s u l t s  c o n f i r m  t h e  f i n d i n g s  o f  a  number o f  
i n v e s t i g a t o r s .  S a c h s ( 1 8 7 9 ) ,  w o rk in g  on t h e  g e o t r o p i c  
c u r v a t u r e  o f  V i c i a  P a b a  r m o t s , f o u n d  t h a t  t h e  r e a c t i o n  
c a u s e d  an o v e r a l l  d e c r e a s e  i n  t h e  mean grovrth  r a t e .  The 
r a t e  o f  g rovr th  on t h e  co n v ex  s i d e  b e i n g  o n l y  s l i g h t l y  
more t h a n  t h a t  o f  t h e  u n s t i m u l a t e d  r o o t ,  v r h i l s t  t h e  
g r o w t h  r a t e  o f  t h e  lov/er s i d e  was d e c i d e d l y  l e s s .
Weber (1 9 2 6 )  showed t h a t  t h e  grovrth  r a t e  o f  g e o t r o p i c a l l y  
s t i m u l a t e d  c o l e o p t i l e s  o f  o a t s  and b a r l e y  d e c r e a s e d  due 
t o  t h e  co n v e x  s i d e  g ro w in g  n o r m a l l y  w h i l s t  t h e  concave  
s i d e  g rew  a t  a  much d e c r e a s e d  r a t e .  Gholodny ( 1 9 2 9 ) ,
F a v e z  ( 1 9 3 3 ) ,  Dijkman (193^3^ and  DoIk ( I 9 g 0 )  s t a t e d  t h a t  
t h e r e  was no g e o - g r o w t h  r e a c t i o n .
B eyer  (1 9 3 3 )  on t h e  o t h e r  h a n d ,  b e l i e v e d  t h a t  t h e  
t h e o r y  t h a t  a l l  g e o t r o p i c  c u r v a t u r e  was due t o  a  l a t e r a l  
r e d i s t r i b u t i o n  o f  a  hormone was i n a d e q u a t e .  He t h o u g h t  
t h a t  a t  l e a s t  one a d d i t i o n a l  p r o c e s s ,  e i t h e r  an  a c t i v e  
s h o r t e n i n g  o f  t h e  co n cav e  s i d e  or  e l s e  a  g e o - g r o w t h  r e a c t i o n ,  
must t a k e  p l a c e .
E v id e n c e  f o r  a  g e o - g r o w t h  r e a c t i o n  was g iv e n  by  
Zimmerman (1 9 2 4 ,2 7  ) i n  h i s  r e s e a r c h  i n t o  t h e  r e l a t i o n s h i p  
b e tw e en  g r a v i t y  a c t i n g  p a r a l l e l  t o  t h e  l o n g i t u d i n a l  a x i s
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o f  t h e  p l a n t  o r g a n  and t h e  s i n e  l a w .  He fo u n d  t h a t  
l o n g i t u d i n a l  f o r c e s  i n f l u e n c e d  p r e v i o u s l y  in d u c e d  
g e o t r o p i c  r e a c t i o n  p r o c e s s e s .  The i n v e r s e  p o s i t i o n  
s t r e n g t h e n e d  a  p r e c e d i n g  g e o t r o p i c  s t i m u l u s ,  w h i l e  t h e  
n o rm a l  v e r t i c a l  p o s i t i o n  d e c r e a s e d  i t .  T h is  g e o t o n i c  
e f f e c t  was o n l y  f o u n d  vAien t h e  r o o t s  were  r o t a t e d  
v e r t i c a l  t o  t h e  h o r i z o n t a l  a x i s  o f  t h e  k l i n o s t a t .  S i n c e  
i n  t h e  p r e s e n t  wqrk a l l  r o o t s  w ere  r o t a t e d  p a r a l l e l  t o  
t h e  h o r i z o n t a l  a x i s  o f  t h e  k l i n o s t a t  s u c h  a  g e o t o n i c  
e f f e c t  d i d  n o t  e n t e r  i n t o  t h e  p r o b le m .
I n  a l l  n o rm a l  c u r v a t u r e s  s t u d i e d ,  where  no a d d i t i o n a l  
horm ones  h a d  b e e n  a p p l i e d  t o  t h e  r o o t s ,  t h e  o v e r a l l  
e f f e c t  of! g r a v i t a t i o n a l  s t i m u l a t i o n  was a  d e c r e a s e  i n  
t h e  g ro w t h  r a t e  o f  t h e  r o o t s .
ESTIHATIQN OF THE POSSIBLE I .A .A .  COHTEHT OF THE ROOTS 
DURIRG THE GEOTROPIC REACTION.
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S i n c e  t h e  d i f f e r e n t i a l  grovrbh on t h e  two s i d e s  o f  
t h e  r o o t s  d u r i n g  t h e  g e o t r o p i c  r e a c t i o n  v;as s u p p o s e d l y  
due t o  à  r e d i s t r i b u t i o n  o f  I .A .A .  an a t t e m p t  v/as made 
t o  c o r r e l a t e  t h e  g ro w th  o f  t h e  two s i d e s  w i t h  t h e  I .A .A .  
c o n c e n t r a t i o n  w h ic h  was r e s p o n s i b l e  f o r  t h a t  amount o f  
g r o w t h .
The same r o o t s  w ere  u s e d  f o r  t h i s  e s t i m a t i o n a a s  i n  
t h e  p r e v i o u s  s e c t i o n .
The m ethod  u s e d  was d e s c r i b e d  an  p a g e s  81 and 8 2 .  
RESULTS. (S ee  g r a p h  2 3 ) .
UPPER SIDES .
I n t e r v a l . % g rov / th  r a t e  (com pared  v / i t h  







P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w th .  
- 5
10 p . p . m .  
-3
10 p . p . m .  
-3
3x10 p . p . m .  
-3
4x10 p . p . m .  
- 3
3x10 p . p . m .  
-3
10 p . p . m .
G'U\PK 2 3 . P03SIB IE  AI.TXIIT GOUGBNTUTiOUS IF ROOTS TiniUG  
GEOTIOPIC CUlVATirin].
U pper S id e s .;
; _  _  ; _IiO v/er s i  g e s  •
I:
P r e - s t im u la .t io n  tim e  S tim J  C u rv a tu re  R e c o v e r y
TII'IE (2 0  mm. to  1 h o u r )
S t r a i g h t  
r o o t s  .
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LOWER SIDES.




fo g r o w t h  r a t e  (compaxed w i t h  







P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w t h .  
- 3
10 p . p . m .  
- 3
5x10 p . p . m .  
—2
3x10 p .  p .m .  
- 3
10 p . p . m .  
-3
10 p . p . m .  
-3
10 p . p . m .
-5
A l t e r n a t  i v e s  conc e n t r â t  io n s  o f  10 p . p . m .  and w eaker
a t  T^^Çand T.^ on t h e  u p p e r  s i d e s  and and Tg on
t h e  low er  s i d e s  c o u l d  p o s s i b l y  o cc u r  b e c a u s e  o f  t h e  two
100% c o n t r o l  g ro w th  p o s i t i o n s  on t h e  I .A .A .  c u r v e .
U n le s s  t h e r e  was a, su d d e n  t r em e n d o u s  i n c r e a s e  i n  I .A .A .
i m m e d i a t e l y  a f t e r  s t i m u l a t i o n  t o  a c c o u n t  f o r  t h e  e s t im a , te d
-3
c o n c e n t r a t i o n  o f  5x10 p . p . m .  d u r i n g  Tg on t h e  low er  s i d e s  
-3
and  3x10 p . p . m .  d u r i n g  T» on t h e  u p p e r  s i d e s  an o r i g i n a l
-5  ^
c o n c e n t r a t i o n  o f  10 p . p . m .  o r  w eaker  seems most  u n l i k e l y .
A l s o ,  i n  p a s s i n g  f ro m  t h e  v e r y  weak c o n c e n t r a t i o n s  t o
t h e  s t r o n g e r  ones  a  s t i m u l a t o r y  c o n c e n t r a t i o n  s h o u l d
o c c u r .  At no t i m e  was s t i m u l a t e d  g ro w th  d e t e c t e d .
- 3
T h e r e f o r e ,  10 p . p . m .  was ta lcen t o  be t h e  most  p o s s i b l e  
c o n c e n t r a t i o n  o f  I . A . A .  w i t h i n  t h e  r o o t s  b e f o r e  g r a v i ­
t a t i o n a l  s t i m u l a t i o n  and a t  t h e  end o f  t h e  e x p e r im e n t  
when t h e  r o o t s  w ere  once more s t r a i g h t .




w i t h i n  t h e  r o o t s  was g r e a t e r  t h a n  10 p . p . m .  I t  was n o t
u n t i l  t h e  r o o t s  were  once more s t r a i g h t  t h a t  g ro w th  became
n o r m a l  and  t h e  e s t i m a t e d  o v e r a l l  I .A .A .  c o n c e n t r a t i o n
-3
r e a c h e d  t h e  v a l u e  o f  10 p . p . m .
Assuming t h a t  t h e  method o f  e s t i m a t i n g  I .A .A .  c o n c ­
e n t r a t i o n s  w i t h i n  t h e  r o o t s  was f a i r l y  a c c u r a t e  and t h a t  
a u x i n  was t h e  s o l e  a g e n t  r e s p o n s i b l e  f o r  g ro w th  d u r i n g  
t h e  g e o t r o p i c  r e a c t i o n ,  i t  was n e c e s s a r y  f o r  an i n c r e a s e  
t o  o c c u r  i n  t h e  t o t a l  amount o f  a u x i n  p r e s e n t  i n  e a c h  
r o o t  d u r i n g  g e o t r o p i s m .  The grovrth o f  t h e  u p p e r  s i d e s  o f  
t h e  r o o t  was n e v e r  s t i m u l a t e d  and t h a t  o f  t h e  low er  s i d e  
was c o n s i d e r a b l y  i n h i b i t e d  d u r i n g  c u r v a t u r e .  Thus i t  
a p p e a r e d  t h a t  t h e  a u x i n  c o n c e n t r a t i o n  on t h e  u p p e r  s i d e s  
o f  t h e  r o o t  d i d  n o t  d e c r e a s e  and y e t  t h e  c o n c e n t r a t i o n  
on t h e  lo w er  s i d e  i n c r e a s e d . These  g ro w th  s t u d i e s  
showed t h e r e f o r e  t h a t  a u x i n  r e d i s t r i b u t i o n  d i d  n o t  
a p p e a r  t o  t a k e  p l a c e  as a  r e s u l t  o f  g r a v i t a t i o n a l  s t i m ­
u l a t i o n . ( c f .  Went Gholodny  t h e o r y ) .
,1
The above  r e s u l t s ,  as t h e y  s t a n d ,  a r e  c o n t r a r y  t o  
t h e  vievrs o f  G holodny  ( 1 9 2 4 , 2 9 ) ,  Do 11c (1930)  and Dijkman 
(1933^ who f o u n d  no i n c r e a s e  i n  g rov / th  s u b s t a n c e  a f t e r  
s t i m u l a t i o n .  I n  t h e  p r e s e n t  r e s e a r c h ,  t h e  s t a t e d  grovrth 
r a t e s  o f  t h e  u p p e r  and lov/er s i d e s  o f  t h e  r o o t  a r e  e 
e s t a b l i s h e d  f a c t ,  b u t  t h e  d i f f e r e n c e s  i n  a u x i n  c o n c e n t r a t i o n  
b e tw e en  t h e  two s i d e s  e s t i m a t e d  t o  be n e c e s s a r y  to  a c c o u n t  
f o r  t h e s e  r a t e s  o f  g ro w th  seem im p r o b a b ly  l a r g e .  D u r in g  
t h e  t im e  when maximum c u r v a t u r e  o c c u r r e d  i t  was e s t i m a t e d
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t h a t  t h e r e  was a  p o s s i b l e  a u x i n  c o n c e n t r a t i o n  d i f f e r e n c e  
o f  a b o u t  10 t i m e s  b e tw een  t h e  u p p e r  and lower  s i d e s  o f  
t h e  r o o t .  (S ee  pagws 91 and 92 and g r a p h  2 3 ) .  The r a t i o s  
o b t a i n e d  b y  e a r l i e r  w o r k e r s , ( Boysen J e n s e n  and H aw ker) ,  
f o r  t h e  a u x i n  c o n t e n t  o f  t h e  u p p e r  and lower h a l v e s  o f  
s t i m u l a t e d  r o o t  t i p s  gave l i t t l e  o r  no i n d i c a t i o n  o f  
s u c h  a  l a r g e  c o n c e n t r a t i o n  d i f f e r e n c e . ( S e e  i n t r o d u c t i o n ,  
p a g e  6 ) .  T h e r e f o r e ,  s i n c e  t h e  p r e s e n t  r e s u l t s  i n d i c a t e d  
t h a t  g e o t r o p i c  c u r v a t u r e  d i d  n o t  o c c u r  as a  r e s u l t  o f  a  
s i m p l e  r e d i s t r i b u t i o n  o f  e x i s t i n g  a u x i n  i n  t h e  r o o t  and 
t h e  e s t i m a t e d  l a r g e  i n c r e a s e  i n  I . A . A .  d u r i n g  c u r v a t u r e  
was i m p r o b a b l e ,  i t  w ould  seem r e a s o n a b l e  t o  co n c lu d e  
t h a t  t h e  g ro w th  w hich  to o k  p l a c e  as a  r e s u l t  o f  g r a v i ­
t a t i o n a l  s t i m u l a t i o n  warn n o t  c o n t r o l l e d  s o l e l y  by  a u x i n .  
The n e x t  m os t  r e a s o n a b l e  a s s u m p t io n  i s  t h a t  some o t h e r  
f a c t o r  s u c h  as  c e l l  s e n s i t i v i t y  to  a u x i n ,  p e rh a p s  
a c c o m p a n ied  b y  - a  s m a l l  i n c r e a s e  i n  I .A .A .  c o n c e n t r a t i o n ,  
was a f f e c t e d  b y  t h e  u n i l a t e r a l  f o r c e  o f  g r a v i t y  a c t i n g  
a t  r i g h t  a n g l e s  t o  t h e  r o o t .  E l e c t r i c a l  changes  a r e  
known t o  t a k e  p l a c e  when a  r o o t  i s  l a i d  h o r i z o n t a l ,
( B r a u n e r , 1 9 2 8 , 4 2  ; S c h r a n k , 1 9 4 4 , 4 5 , 5 0 ) ,  and t h e s e  changes  
m ig h t  r e s u l t  i n  a  s m a l l  i n c r e a s e  i n  t h e  amount o f  a u x i n  
on t h e  low er  s i d e  o f  t h e  r o o t .  Such  an i n c r e a s e  combined 
w i t h  a  change  i n  t h e  s e n s i t i v i t y  o f  t h e  c e l l  p r o t o p l a s m  
t o  a u x i n  c o u l d  a c c o u n t  f o r  t h e  v e r y  c o n s i d e r a b l e  i n h i b i t i o n  
on t h e  lo w er  s i d e  o f  t h e  r o o t .  Then, t h e  r e s u l t s  : -
1 )  T ha t  t h e r e  was no i n c r e a s e  i n  t h e  t o t a l  amount o f  
a u x i n  I'u t h e  . a c " : . ( C h o l o : n } ,  Both  unG l i i k m a n )
9 5
a u x i n  i n  t h e  r o o t . (G ho lodny ,  Do I k  and D i jk m a n ) .
2 )  T h a t  t h e r e  w ere  o n l y  s m a l l  d i f f e r e n c e s  be tw een  t h e  
amount o f  a u x i n  e x t r a c t e d  f ro m  t h e  u p p e r  and low er  
s i d e s  o f  r o o t s . (Boysen J e n s e n  and H aw ker) ,  
w ould  n o t  be a t  v a r i a n c e  w i t h  t h e  p r e s e n t  r e s u l t s .  The 
a u x i n  e x t r a c t i o n  and e s t i m a t i o n  m ethods u s e d  by Gholodny,  
Do I k  and  Dijkman were somewhat i n a c c u r a t e ,  t h e r e f o r e ,  
a n y  s m a l l  i n c r e a s e  i n  a u x i n  c o n c e n t r a t i o n  would p o s s i b l y  
n o t  have  b e e n  n o t i c e d .  R e s u l t s  w ere  e x p r e s s e d  i n  te r ra s  
o f  i n d u c e d  c u r v a t u r e  o f  d e c a p i t a t e d  Avena c o l e o p t i l e s .
The amount o f  c u r v a t u r e  was u s u a l l y  o n l y  a  few d e g r e e s  
and  was v e r y  v ax i  a b l e .  Do I k  (1930^ a d m i t t e d  t h a t  h i s  
m e thods  o f  m easu rem en t  o f  g ro w th  s u b s t a n c e  w e re ,  o f  
n e c e s s i t y ,  i n a c c u r a t e  and s t a t e d  t h a t  a  co m p a r iso n  
o f  a b s o l u t e  g r o w t h  r a t e s  d u r i n g  t h e  g e o t r o p i c  r e a c t i o n  
w ou ld  p r o b a b l y  show t h a t  i t  was f a r  f ro m  b e in g  a  s im p le  
g ro w th  r e a c t i o n  r e s u l t i n g  f ro m  a  d i f f e r e n t i a l  d i s t r i ­
b u t i o n  o f  a u x i n  u n d e r  t h e  i n f l u e n c e  o f  g r a v i t y .
From a  c o n s i d e r a t i o n  o f  r e s u l t s  o f  t h e  s t u d y  o f  
g ro w th  d u r i n g  g e o t r o p i s m  i t  may be conc luded^  t h a t  t h e  
o r i g i n a l  au x in y  p r e s  e n t  i n  t h e  r o o t s  c o u l d  n o t  a l o n e  
h av e  b e e n  r e s p o n s i b l e  f o r  t h e  d i f f e r e n t i a l  g ro w th  w hich  
was m a n i f e s t  as c u r v a t u r e .
These  r e s u l t s  w i l l  be d i s c u s s e d  f u t t h e r  a f t e r  p r e s e n t a t i o n  
o f  a l l  e x p e r i m e n t a l  r e s u l t s  o f  t h e  s t u d y  o f  g e o t r o p i s m .
GEOIROPIC EXEEEIÏ-ECHTS USIÎTG I .A .A . ,2 ,4 -fD . AED E .M .S .P ,
GIAPH 24 . GE3TR1PIC CLHYATIRE IF  ROOTS T^ TRATPT) WITH 2 ,4 -D .
("mean v a lu e s  )
- ' T :
:rriK)B3 ' ! :: : /
P  —2   '
—0—3%1Q ]p«T).m* 2 , 4 —D*
■ .;., ^ j_  .|!... . I.
C :_ 8 t im u la t io n  tim e 40 m in u te s .
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Numerous g e o t r o p i c  e x p e r i m e n t s  w ere  c a r r i e d  o u t  u s i n g
2 , 4 - E .  and  I .A.A.* a t  c o n c e n t r a t i o n s  r a n g i n g  f ro m  3x10 
-6
t o  10 p . p . m .  Erom r o o t  c u r v a t u r e  m e a s u re m e n ts ,  t h e  
f o l l o w i n g  c o n c e n t r a t i o n s  w ere  s e l e c t e d  f o r  d e t a i l e d  s t u d y .
1)  2 .4 - D .
—2
5x10 o . p . m .
T h re e  g e o t r o p i c  e x p e r i m e n t s  w ere  p e r f o r m e d ,  u s i n g
—2
t h e  f i n a l  t e c h n i q u e ,  w i t h  3x10 p . p . m .  2 , 4 - P .  E ach  
e x p e r i m e n t  was r u n  i n  c o m b in a t io n  w i t h  a  t a n k  o f  c o n t r o l  
p e a s  i n  g l a s s  d i s t i l l e d  w a t e r .  Graph 24 shows t h e  c o u r s e  
o f  g e o t r o p i c  c u r v a t u r e  i n  t h e  r o o t s  i n  one o f  t h e s e  
e x p e r i m e n t s #  The a n g l e  made by  e a c h  r o o t  w i t h  t h e  h o r ­
i z o n t a l  was m e a su re d  a t  10  m in u te  i n t e r v a l s  a f t e r  
g r a v i t a t i o n a l  s t i m u l a t i o n #  The mean c u r v a t u r e ,  w i t h  t h e  
s t a n d a r d  d e v i a t i o n  a t  t h e  maximum a n g l e ,  i s  p l o t t e d  
f o r  c o n t r o l  and t r e a t e d  r o o t s .
RESULTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d ix  on pageS
C u r v a t u r e  s t a r t e d  a b o u t  15 m in u t e s  l a t e r  i n  t h e
- 2
r o o t s  t r e a t e d  w i t h  3x10 p . p . m .  2 ,4 - D .  t h a n  i n  t h e  c o n t r o l s .
The mean maximum a n g l e  o f  t h e  r o o t s  i n  2 ,4 - D .  was 
l e s s  t h a n  h a l f  t h a t  r e a c h e d  by  c o n t r o l  r o o t s .  (1 4 ,6 °  
com pared  w i t h  3 0 .7 °  i n  c o n t r o l s ) .
GR_<iPH 2 5 .  ME AIT GROWTH RATES OP ITPPtR .AJTD LQigg? S ID 5 S  0 ?  ROOTS.
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 Upper s i d e s
Lower s i d e s
fH- j£
II; : %im:to
P r e - s t i m u l a t i o n  t im e  p t i m . |  C u r v a tu r^  R e c o v e r y
TIT® ( ? 0  mm. t o  1 h o u r )
S t r a i g h t "
U o o t s .
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The r a t e  o f  r e c o v e r y  i n  c o n t r o l  r o o t s  was g r e a t e r  
t h a n  t h a t  i n  r o o t s  t r e a t e d  w i t h  2 , 4 - D .  and r e s u l t e d  i n  
b o t h  s e t s  becom ing  s t r a i g h t  a t  a b o u t  t h e  same t i m e .
GROOTH DURIITG THE GEOTROPIG REACTION.
Growth r a t e s  o f  t h e  u p p e r  and low er  s i d e s  o f  t h e
r o o t s  w ere  m e a s u re d  o v e r  t h e  s i x  t im e  i n t e r v a l s  s t a t e d
on p age  8 4 .  An a n a l y s i s  o f  v a r i a n c e  was c a r r i e d  o u t
on t h e s e  g ro w t h  r a t e s , ( o f  a l l  t h r e e  e x p e r i m e n t s ) ,
com pared  w i t h  c o n t r o l  g ro w th  r a t e s  and  w i t h  t h o s e  o f
—2
r o o t s  t r e a t e d  w i t h  a  m i x t u r e  o f  3x10 p . p . m .  2 ,4 - D .  p l u s
30 p . p . m .  W .M .8 .P . . The v a r i a n c e  t a b l e  i s  g i v e n  on p ag e  I14SL
w h ere  t h e  g e o t r o p i c  r e a c t i o n  o f  r o o t s  t r e a t e d  w i t h  t h e
m i x t u r e  i s  d e s c r i b e d .  Grpphs 2 5 ,2 6  and 26a  show t h e
g ro w t h  r a t e s  o f  t h e  u p p e r  and low er  s i d e s  o f  r o o t s
—2
t r e a t e d  w i t h  3x10 p . p . m .  2 , 4 - D .  a l o n e  and compared 
w i t h  c o n t r o l s .  L .S .D .  a t  5% l e v e l  i s  a l s o  p l o t t e d .
RESULTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d ix  on pageSt
Growth  r a t e s  o f  t h e  UPPER SIDES compared  w i t h  t h e  LOVJER
—2
SIDES o f  r o o t s  t r e a t e d  w i t h  3x10 p . p . m .  2 ,4 - D .; Graph 25 
I n t e r v a l .  Upper s i d e s  com pared w i t h  low er  s i d e s *
T^ 'E q u a l  g ro w th  r a t e s .
Tg Upper s i d e s  s i g n i f i c a n t l y  h i g h e r  t h a n  low er  s i d e s .
rn  n  f | II II II It II
^3
T4 Growth o f  u p p e r  s i d e s  s i g n i f i c a n t l y  l o w e r .
OR/VPH 2 6 .  m m  GROLUT-T RATES OR UPPER SIPES OP ROOTS TRUATI^P WITH
5 x 1 0  p .p .m .  2 . 4 - D .  COMPARED WITH I ^ OSE OR GOUT ROIS *
COHT::'OIS . 
-2
 5 x 1 0  p .p . m .  2 , 4 - P .
Ai:
U.S3 . ,
^  it] 1 _
lAhH Af
 ^ ^  1,
 ^A IZtTqrR
P r e - s t i m u l a t i o n  t im e  8 t i m . |  C u r v a tu r e  R e c o v e r y
TIER (2 0  ram. t o  1 H ou r)
S t r a i g H -
r o o t s .
GRAPH C 6a. TIRAIT -lATES OR IjOWER SIPTS OR ROOTS T'IRATRP WITH
u  P r e - s t i m u 1a t  i  on t im e
.3 x 1 0  n .p .m '. 2 , 4 - P . ,  CQHPARRP WITH THOSE OR eOHT 10
C0HTR0T8. 
-2
  3x1 0  p .p . m .  2 , 4 - P ,
AAiArr-t!
-j-—- f ri 1 T I pm ton






S t im . |  C u r v a tu r e  R e c o v e r y  S t r a i g h t
TIKR (2 0  ram. t o  1 h o u r )  r o o t s
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I n t e r v a l # Upper s i d e s  com pared  w i t h  low er  s i d e s #
Tg E q u a l  g r o w th  r a t e s .
Tg E q u a l  g ro w th  r a t e s .
The c u r v a t u r e  i n  r o o t s  t r e a t e d  w i t h  3x10 p .p .m .2 ,4 -D <  
was c a u s e d  b y  t h e  u n e q u a l  g ro w th  o f  t h e  ^ p e r  and low er  
s i d e s  d u r i n g  T^ and  T ^ .  As i n  a  n o rm a l  c u r v a t u r e ,  t h e  
g r o w th  r a t e  o f  t h e  u p p e r  s i d e s  d ro p p ed  d u r i n g  T^, b u t  
t h a t  o f  t h e  lo w er  s i d e s  f e l l  even  f u r t h e r  so t h a t  t h e  n e t  
r e a u l t  was g r e a t e r  g ro w th  on t h e  u p p e r  s i d e s  and t h e r e f o r e  
c u r v a t u r e .
Growth o f  t h e  UEEBR SIEES o f  r o o t s  i n  2 .4 - D .  compared
w i t h  t h a t  o f  t h e  UPEBR SIDES o f  c o n t r o l  r o o t s .  Graph 2 6 .
I n t e r v a l .  t r e a t e d  r o o t s  compared  w i t h  c o n t r o l s .
) T h ro u g h o u t  c u r v a t u r e  and a u t o t r o p i s m  t h e  
T4 ,T 5 , T g . )
g ro w th  r a t e s  o f  t h e  u p p e r  s i d e s  o f  t r e a t e d  
r o o t s  w e r d j s i g n i f i c a n t l y  low er  t h a n  t .  o.n 
t h o s e  o f  c o n t r o l  r o o t s .
Growth o f  t h e  EO^ VER SIDES o f  r o o t s - v in  2 .4 - D .  compared 
w i t h  t h a t  o f  t h e  EOVJER SIXES o f  c o n t r o l  r o o t s .  Graph 2 6 a .  
I n t e r v a l .  T r e a t e d  r o o t s  compared  w i t h  c o n t r o l s .
T^ Growth r a t e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f ro m
c o n t r o l s
Tg Gro\-rbh r a t e  s i g n i f i c a n t l y  low er  i n  2,4")D. r o o t s
99
(Lower s i d e s  c o n t i n u e d ) . -
I n t e r v a l .  T r e a t e d  r o o t s  com pared w i t h  c o n t r o l s .
T3 ,T 4 .  Grovrbh r a t e  n o t  s i g n i f i c a n t l y  d i f f e r e n t
f ro m  c o n t r o l s .
T5 ,T g .  Groi'fth r a t e  s i g n i f i c a n t l y  low er  i n  "2,4-DV r o o t s .
D u r in g  t h e  f i r s t  3 h o u r s ,  w h i l s t  t h e  2 , 4 - D .  was
p e n e i i r a t i û g  i n t o  t h e  r o o t s ,  t h e i r  g ro w th  was v e r y  l i t t l e
d i f f e r e n t  f ro m  t h a t  o f  c o n t r o l s A f t e r  s t i m u l a t i o n ,
t h e  gro\-fth r a t e  o f  t h e  u p p e r  s i d e s  o f  r o o t s  t r e a t e d  w i t h  
—2
3x10 p . p . m .  2 , 4 - D .  was c o n s i s t e n t l y  low er  t h a n  t h a t  o f  
c o n t r o l  r o o t s .  On t h e ^ l o w e r  s i d e s  o f  n o rm a l  r o o t s ,  d u r i n g  
t h e  p e r i o d  o f  maximum c u r v a t u r e ,  (T3 ) , v e r y  c o n s i d e r a b l e  
g r o w t h  i n h i b i t i o n  o c c u r r e d .  % e t h e r "  t h i s  i n h i b i t i o n  was 
due t o  a  c o n s i d e r a b l e  i n c r e a s e  i n  I .A .A .  c o n c e n t r a t i o n  
o r  t o  an i n c r e a s e  i n  t h e  a u x i n  s e n s i t i v i t y  o f  t h e  c e l l s  
o f  t h e  lo w er  s i d e  o f  e a c h  r o o t ,  t h e  a d d i t i o n  o f  f u r t h e r  
g ro ifbh  s u b s t a n c e  would  be u n l i k e l y  t o  m a t e r i a l l y  a f f e c t  i t .
I n  f a c t ,  t h e  grovrth  r a t e s  o f  c o n t r o l  and t r e a t e d  r o o t s  were 
n o t  f o u n d  t o  be s i g n i f i c a n t l y  d i f f e r e n t  d u r i n g  T^.
When t h e  g e o t r o p i c  r e a c t i o n  was co m p le te  and t h e  a u t o -  
t r o p i c  p r o c e s s  h a d  b eg u n ,  t h e  i n h i b i t o r y  a c t i o n  o f  2 ,4 - D .  
became a p p a r e n t  i n  t h e  d e c r e a s e d  gro^fbh o f  b o t h  s i d e s  o f  
t h e  t r e a t e d  r o o t s .
The e f f e c t  o f  t h e  i n h i b i t o r y  c o n c e n t r a t i o n  o f  2 ,4 - D .  
was t o  c a u s e  a  d e c r e a s e d  g e o t r o p i c  c u r v a t u r e .  The g ro w th
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o f  t r e a t e d  r o o t s  was a l s o  d e c r e a s e d  be low  t h a t  o f  c o n t r o l s .  
The a d d i t i o n  o f  3x10 p . p . m .  2 ,4 - D .  a p p e a r e d  t o  c a u s e  a  
s u p r a o p t i m a l  c o n c e n t r a t i o n  o f  g ro w th  s u b s t a n c e s  t h r o u g h p u t  
t h e  r o o t s .  S i n c e  t h e  g e o t r o p i c  r e a c t i o n  was a d v e r s e l y  
a f f e c t e d  b y  t h i s  i n c r e a s e  i n  hormone c o n c e n t r a t i o n ,  i t  
seems t h a t  t h e  groi^rth v /hich t o o k  p l a c e  d u r i n g  g e o t r o p i s m  
was c o n t r o l l e d ,  a t  l e a s t  t o  some e x t e n t ,  by  t h e  hormone 
c o n t e n t  o f  e a c h  r o o t .
GRAPH 2 7 .  GEOTROPIC CURVATURE IH ROOTS TREATED WITH lO '^ p .p .m .  2 , 4 - P .
(mean v a l u e s )
1 S ta n d a rd  D e v ia t io n  p l o t t e d  a t  p o in t  o f  
T maximum c u r v a t u r e .
CONTROLS





TIME I N  HO URS.
1 0 4
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10 T) #T) #iïi# 2 , 4 "D#
T h re e  r e p l i c a t e  e x p e r i m e n t s  w ere  p e r f o r m e d ,  e a ch  
w i t h a a s s e t  o f  c o n t r o l  r o o t s  i n  g l a s s  d i s t i l l e d  w a t e r .
G raph  27 i s  t y p i c a l  o f  t h e  p r o g r e s s  o f  g e o t r o p i c  
c u r v a t u r e  i n  t r e a t e d  and c o n t r o l  r o o t s .  S t a n d a r d  d e v i a t i o n s  
a r e  p l o t t e d  a t  t h e  p o i n t s j o f  maximum c u r v a t u r e .
RESULTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d ix  on pages
The t im e  e l a p s i n g  b e f o r e  c u r v a t u r e  began  was t h e
same i n  c o n t r o l  and t r e a t e d  r o o t s .
The r a t e  o f  c u r v a t u r e  was s l i g h t l y  more r a p i d  i n
—5
r o o t s  t r e a t e d  w i t h  10 p . p . m .  2 , 4 - D .  t h a n  i n  c o n t r o l s .
The mean maximum a n g l e  o f  r o o t s  i n  2 ,4 - D .  was 
h i g h e r  t h a n  t h e  c o n t r o l  mean a n g l e , ( 3 6 .1 °  compared w i t h  
2 9 . 7 ° ) ,  b u t  t h i s  d i f f e r e n c e  was n o t  s i g n i f i c a n t .  (The 
v a r i a t i o n  i n  t h e  maxi immrang les . roaohedU by  i n d i v i d u a l  
t r e a t e d  r o o t s  was l a r g e  and  r e s u l t e d  i n  a  l a r g e  s t a n d a r d  
d e v i a t i o n  a b o u t  t h e  mean maximum a n g l e ,  so  t h a t  no
s i g n i f i c a n t  d i f f e r e n c e  c o u l d  be e s t a b l i s h e d  b e tw een  t h e
\
maximum a n g l e  r e a c h e d  by t r e a t e d  and c o n t r o l  r o o t s ) .
The maximum a n g l e  was r e a c h e d  a t  a b o u t  t h e  same 
t i m e  i n  t r e a t e d  and c o n t r o l  r o o t s .
As w i t h  t h e  r a t e  o f  c u r v a t u r e ,  t h e  r a t e  o f  r e c o v e r y  
was s l i g h t l y  f a s t e r  i n  r o o t s  t r e a t e d  w i t h  2 , 4 - D .  t h a n  i n  
c o n t r o l s .
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GROWTH DUR IMG TEE GEOTROPIC REACTION.
An a n a l y s i s  o f  v a r i a n c e  was c a r r i e d  o û t  on t h e  g ro w th
-5
r a t e s  o f  t h e  u p p e r  and low er  s i d e s  o f  t h e  r o o t s  i n  10  p . p . m .
2 , 4 - D .  com pared  w i t h  t h e  r a t e s  i n  c o n t r o l  r o o t s .
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  on pages  30^,6*. 
V a r i a n c e  t a b l e .
S o u rc e  o f  
v a r i a n c e .
Sum o f  
S q u a r e s .
D eg ree s  o f  
F reedom .
Mean S q u a r e . P .
T 341487 .5 5 68 2 97 .5
D 4 4 2 3 .5 1 44 2 3 .5
S 2 4 0 9 .5 1 24 0 9 .5
TxD 5 0 0 6 .5 5 1 0 0 1 .3
TxS 14 2 7 0 0 .5 5 2 8 5 4 0 .1
DxS 5 8 2 .5 1 5 8 2 .5
TxDxS 1 4 1 2 5 .1 5 2 8 2 5 .0 l.Ofo
R e s i d u a l  i 
v a r i a n c e
a . ' i  f-nie 
4 0 9 1 8 2 .4 552 7 4 1 .3
T— T im e , (T ^ ,T g  e t c . ) .
D— 2 , 4 - D .  t r e a t m e n t .
S - - s i d e  (u p p e r  or  l o w e r ) .
S i n c e  t h e  t r i p l e  i n t e r a c t i o n  o f  2 ,4 - D .  w i t h  s i d e  
and t im e  was h i g h l y  s i g n i f i c a n t  t h e  d o u b le  i n t e r a c t i o n s  
and s i n g l e  f a c t o r s  c o u ld  n o t  be t e s t e d  a g a i n s t  t h e  r e s i d u a l .  
The L .S .D .  a t  t h e  59& l e v e l  w as ,  t h e r e f o r e ,  p l o t t e d  be tw een  
t h e g r o w t h  r a t e s  o f  t h e  u p p e r  and  low er  s i d e s  o f  t r e a t e d  
and  c o n t r o l  r o o t s  t o  i n d i c a t e  any  s i g n i f i c a n t  d i f f e r e n c e s
GRAPH 28. >IEAH GROWTH HATES OP UPPER AHD LO\ffiiH SIHES OP ROOTS 
TREATSD WITH 10~^p.p.m. 2 .4 -D .
 Upper s i d e s .
























































P r e - s t i m u l a t i o n  t i m e .  S t i m J  C u r v a t u r e R e c o v e r y
TIMS (20 mm. to  1 hour)
S t r a i g h t
r o o t s .
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b e tw e en  t h e  g ro w th  r a t e s #  Graphs 2 8 ,2 9  and 2 9 a  show 
t h e s e  mean g r o w th  r a t e s  and  L .S .D s#
C om par ison  o f  t h e  maan g ro w th  r a t e s  o f  UPPER and  LQV/BR
-5
SIEBS o f  r o o t s  t r e a t e d  w i t h  10 p . p . m .  2 . 4 - D .
I n t e r v a l .  Upper s i d e s  com pared  w i t h  low er  s i d e s .
ITo s i g n i f i c a n t  d i f f e r e n c e  be tw een  t h e  g ro w th  
r a t e s .
T g ,T ^  Mean g ro w th  r a t e  o f  u p p e r  s i d e s  s i g n i f i c a n t l y
h i g h e r  t h a n  t h a t  o f  low er  s i d e s .
T^,T^ M eandgrowth  r a t e  o f  u p p e r  s i d e s  s i g n i f i c a n t l y
lo w er  t h a n  t h a t  o f  low er  s i d e s .
Tg Uo s i g n i f i c a n t  d i f f e r e n o p  be tw een  t h e  g ro w th
r a t e s .
The g r a p h s  o f  grovrth r a t e s  o f  u p p e r  and low er  s i d e s  
-5
o f  t h e  r o o t s  i n  10 p . p . m .  2 ,4 - D .  a r e  v e r y  s i m i l a r  t o  
t h o s e  f o r  a  t y p i c a l  c o n t r o l  c u r v a t u r e .  The g ro w th  r a t e  
o f  t h e  u p p e r  s i d e s  r o s e  d u r i n g  T^, w h e rea s  d u r i n g  t h i s  
p e r i o d  on t h e  low er  s i d e s  t h e r e  was a l r e a d y  some i n h i b i t i o n  
o f  g rov r th .  D u r in g  T^ when c u r v a t u r e  r e a c h e d  i t s  maximum, 
t h e  g r o w th  r a t e s  o f  b o t h  s i d e s  d r o p p e d ,  b u t  t h e  mean g ro w th  
r 6 t e  o f  t h e  lovrer s i d e s  was c o n s i d e r a b l y  l e s s  t h a n  t h a t  
o f  t h e  u p p e r  s i d e s .  T h is  d i f f e r e n c e  i n  grovrth  r a t e s  
d u r i n g  T^ and T3 a c c o u n te d  f o r  c u r v a t u r e ,  even tho u g h  t h e  
grovrth  o f  b o t h  s i d e s  was i n h i b i t e d  d u r i n g  T^. D ur ing  
T^ and  T^ r e c o v e r y  o c c u r r e d ,  t h e  low er  s i d e s  g row ing  
f a s t e r  t h a n  t h e  u p p e r  s i d e s  and r e s u l t i n g  i n  s t r a i g h t e n i n g  
o f  t h e  r o o t s .
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_ 10  p . p . m .  2 , 4 - D .  COMPARED WITH THOSE OP COPTRODS
 CONTROIB .
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P r e - s t i m u l a t i o n  t im e  StimJ C u r v a tu r e ]  R e c o v e r y
TII4E (2 0  mm. t o  1 h o u r )
S t r a i g h t
r o o t s  .
GRAPH %9a. ME AH GROOTH RATES OP LOV/ER SIDES OF ROOTS TREATED WITH
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S t im ,  C u rv a tu re R e c o v e r yP r e - s t i m u l a t i o n  t i m e
TIME ( 2 0  mm. t o  1  h o u r )
S t r a i g h t
r o o t s  •
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o f  t h e  r o o t s .
C o m p ar iso n  o f  t h e  mean sro^fbh r a t e s  o f  t h e  UPPER SITES o f  
r o o t s  i n  2 . 4 - D .  w i t h  r a t e s  o f  thehOTEBR-SIXjBSoof c c a f a t r a l a .
Gr aph  29 •
D u r in g  t h e  i n i t i a l  p e r i o d  o f  c u r v a t u r e , ),  t h e  
mean g ro w th  r a t e  o f  t r e a t e d  r o o t s  was s i g n i f i c a . n t l y  
h i g h e r  t h a n  t h a t  o f  c o n t r o l s .  O t h e r w i s e ,  t h e  g ro w th  
r a t e s  o f  t h e  u p p e r  s i d e s  o f  t r e a t e d  r o o t s  d i d  n o t  d i f f e r  
s i g n i f i c a n t l y  f r o m  c o n t r o l s  e x c e p t  f o r  a  low er  g ro w th  r a t e  
d u r i n g  t h e  i n i t i a l  s t a g w s  o f  r e c o v e r y , ( T ^ ) .
C om par ison  o f  t h e  mean g r o w th  r a t e s  o f  t h e  LOWKR SIDES o f  
r o o t s  i n  2 , 4 - D .  w i t h  t h e  r a t e s  o f  t h e  LOv/ljR SIDES o f  c o n t r o l s .
The g ro w th  r a t e s  o f  t h e  low er  s i d e s  o f  r o o t s  t r e a t e d  
w i t h  2 , 4 - D .  w ere  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f ro m  c o n t r o l s ,  
d u r i n g  t h e  g e o t r o p i c  r e a c t i o n .  D u r in g  t h e  i n i t i a l  p e r i o d  
o f  r e c o v e r y ,  ( T ^ ) ,  t h e  mean grov/ th  r a t e  o f  t r e a t e d  r o o t s  
was s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  o f  c o n t r o l s . (See g r a p h  
2 9 a )
T h e r e f o r e ,  f ro m  a  a t u d y  o f  g ro w th  r a t e s ,  i t  a ,ppeared
t h a t  t h e  a d d i t i o n  o f  a  low c o n c e n t r a t i o n  o f  a  s y n t h e t i c
hormone i n c r e a s e d  t h e  d e g r e e  o f  t h e  g e o t io  p i c  r e a c t i o n .
-5
The e f f e c t  o f  t r e a t m e n t  w i t h  10 p . p . m .  2 ,4 - D .  was o n l y  
m a n i f e s t  on t h e  u p p e r  s i d e s  o f  t h e  r o o t s .  The i n c r e a s e d  
g e o t r o p i c  c u r v a t u r e  i n  t r e a t e d  r o o t s  was due t o  i n c r e a s e d  
g ro w th  o f  t h e  u p p e r  s i d e s  o f  t h e  r o o t s  compared w i t h  
c c - i .  . whil-^ t  t h e  grovrhh o f  t h e  l o ' / c r  s i d e s  u f  t re -R 'cd
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c o n t r o l s ,  w h i l s t  t h e  g ro w th  o f  t h e  low er  s i d e s  o f  t h e  r o o t s  
d u r i n g  c u r v a t u r e  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m t h a t  
o f  c o n t r o l s .  The a d d i t i o n  o f  a  v e r y  s m a l l  q u a n t i t y  o f  
e x t r a  hormone d i d  n o t  m a t e r i a l l y  a f f e c t  t h e  c o n s i d e r a b l e  
i n h i b i t i o n  on t h e  low er  s i d e s  o f  t h e  r o o t s .
T r e a t m e n t  w i t h  2 , 4 - D .  d i d  n o t  m o d i fy  t h e  ty p e  o f  
f e a c t i o n  o f  t h e  r o o t s  i n  any  way, m e r e l y  t h e  d e g r e e  o f  
g e o t r o p i c  c u r v a t u r e ,  d e p e n d in g  on t h e  c o n c e n t r a t i o n  o f
2 , 4 - D .  u s e d .  I t  a p p e a r e d  t o  a c t  e i t h e r  d i r e c t l y  o r  
i n d i r e c t l y ,  ( s e e  f i n a l  d i s c u s s i o n ) ,  i n  t h e  same g r 01,7t h  
s y s t e m  as t h e  n a . t u r a l  hormone c o n c e r n e d  wi t h  t h e  geo t r o p i c  
r e a c t i o n ,  r e g u l a t i n g  i n  some way t h e  amount o f  g ro w th  
w h ich  t o o k  p l a c e .
GRAPH 3 0 .  GEOTROPIC CURVATUREl.jlT ROOTS TREATED WITH 10~ p .p .m .  I .A .A .
(mean v a lu e s  )
1
1 S tan d ard  D e v ia t io n  p l o t t e d  a t  p o i n t  o f
maximum c u r v a t u r e .
  CONTROLS.
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' ^ t im .
TIME IN' HOURS
106
Z) I . A . A .  
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10  p . p . m .
The e f f e c t  o f  an i n h i b i t o r y  c o n c e n t r a t i o n  o f  I .A.A*
on t h e  g e o t r o p i c  r e a c t i o n  was n e x t  i n v e s t i g a t e d .  The
—2
c o n c e n t r a t i o n  c h o s e n  was 10 p . p . m .  I . A . A . .
T h ree  r e p l i c a t e  e x p e r i m e n t s  w ere  done ,  e a c h  w i t h  a  
s e t  o f  c o n t r o l  r o o t s  i n  g l a s s  d i s t i l l e d  w a t e r .
Graph 30 i s  t y p i c a l  o f  t h e  t im e  c o u r s e  o f  c u r v ­
a t u r e  i n  t h e  t r e a t e d  r o o t s  com pared  w i t h  c o n t r o l s . 
RESIILTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  on pagea
The a v e r a g e  maximum a n g l e  r e a c h e d  by t h e  r o o t s
t r e a t e d  w i t h  I . A . A .  was v e r y  s i g n i f  i c a n t l y  s m a l l e r  t h a n
‘ t h a t  o f  t h e  c o n t r o l  r o o t s ,  ( 5 . 8 °  compared w i t h  1 9 . 9 ° ) .
A number o f  r o o t s ,  (5 o u t  o f  8 ) ,  i n  t h i s  p a r t i c u l a r
e x p e r i m e n t  d i d  n o t  c u rv e  a t  a l l .  The s t a n d a r d  d e v i a t i o n
w orked  o u t  f r o m  t h e s e  r e s u l t s  was c o n s e q u e n t l y  so l a r g e
t h a t  i t  showed t h a t  t h e r e  was no s i g n i f i c a n t  c u r v a t u r e
- 2
i n  r o o t s  t r e a t e d  w i t h  10 p . p . m .  I .A .A .  The s i g n i f i c a n c e  
o f  t h e  mean c u r v a t u r e  was ch e ck e d  by c a l c u l a t i n g  t h e  
L .S .D .  a t  t h e  5fo l e v e l  b e tw een  t h e  mean c u r v a t u r e  and 
z e r o ,  a t  t h e  p o i h t  o f  maximum c u r v a t u r e .  T h is  showed 
t h a t  maximum c u r v a t u r e  was j u s t  s i g n i f i c a n t l y  g r e a t e r  
t h a n  z e r o  by  . 6 ° .  The r e s u l t s  em p h a s i s e d  t h e  p o i n t
GRAPH 31. ME AH GROVJTH HATES OP UPPER AND LO\fSR SIDES OP ROOTS
-2TREATED WITH 10  p . p . m .  I . A . A .
— — Upper s i d e s .  
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Com par ison  o f  t h e  mean g ro w th  r a t e s  o f  t h e  UPPER and
—2
LOWER SIDES o f  r o o t s  t r e a t e d  w i t h  10 p . p . m .  I  .A.A. Graph 31 .
T h ro u g h o u t  t h e  g e o t r o p i c  e x p e r i m e n t s  t h e  g ro w th  
r a t e s  o f  t h e  u p p e r  and low er  s i d e s  o f  t h e  r o o t s  were n o t  
s i g n i f i c a n t l y  d i f f e r e n t ,  e x c e p t  d u r i n g  t h e  i n i t i a l  p e r i o d  
o f  c u r v a t u r e ,  ( T g ) .  D u r in g  t h i s  p e r i o d ,  t h e  g r o w th  r a t e  
o f  t h e  u p p e r  s i d e s  was j u s t  s i g n i f i c a n t l y  h i g h e r  t h a n  
t h a t  o f  t h e  lo w er  s i d e s . T h is  a g r e e s  w i t h  t h e  f a c t  th a , t  
a  v e r y  s l i g h t  s i g n i f i c a n t  c u r v a t u r e  o c c u r r e d  i n  t r e a t e d  
r o o t s  •
Gdfiiparison o f  t h e  mean g ro w th  r a t e s  o f  t h e  UPPER SIDES
o f  r o o t s  i n  I . A . A .  w i t h  t h e  r a t e s  o f  UPPER SIDES o f
c o n t r o l s . G raph  32 .
T h ro u g h o u t  t h e  e x p e r i m e n t s  t h e  g ro w th  r a t e s  o f  t h e
—2
u p p e r  s i d e s  o f  r o o t s  t r e a t e d  w i t h  10 p . p . m .  I .A .A .  were
v e r y  s i g n i f i c a n t l y  low er  t h a n  t h o s e  o f  c o n t r o l  r o o t s .
Com par ison  o f  t h e  mean g ro v / th  r a t e s  o f  t h e  LO\@R SIDES
o f  r o o t s  i n  I . A . A .  w i t h  t h e  r a t e s  o f  LOVJER SIDES o f
c o n t r o l s . Graph  3 2 a .
T h ro u g h o u t  t h e  e x p e r i m e n t s  t h e  g ro w th  r a t e s  o f  t h e
—2
low er  s i d e s  o f  r o o t s  t r e a t e d  w i t h  10 p . p . m .  I .A .A .  w ere
v e r y  s i g n i f i c a n t l y  low er  t h a n  t h o s e  o f  c o n t r o l s ,  e x c e p t
d u r i n g  t h e  p e r i o d  o f  maximum c u r v a t u r e ,  (T3 ) .  D ur ing
t h i s  t i m e ,  t h e  I .A .A .  c o n c e n t r a t i o n  o f  t h e  low er  s i d e s
o f  c o n t r o l  r o o t s  a p p e a r e d  t o  he a b o u t  e q u a l  to  t h a t  o f
—2
t h e  r o o t s  t r e a t e d  w i t h  10 p . p . m .  I .A .A .
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ESTIMATION O? TEE POSSIBLE I . A . A .  GQHTSHT OP TUB ROOTS.
S i n c e  I . A . A .  h a d  b ee n  u s e d  i n  t h e  e x p e r i m e n t s  an 
a t t e m p t  was made to  p r e d i c t  t h e  I . A . A .  c o n c e n t r a t i o n s  
w h ic h  c o u l d  be r e s p o n s i b l e  f o r  t h e  o b s e r v e d  g ro w th  r a t e s  
o f  t h e  r o o t s  d u r i n g  g e o t r o p i s m  and a u t o t r o p i s m .
The m ethod  o f  e s t i m a t i o n  was d e s c r i b e d  on p ag e s  81 and 8 8 2 .  
CONTROIS . UPPER SIDES.







c o i r a R o is .
I n t e r v a l .
T
% g ro w th  r a t e  ( com pared  w i t l  








% g r o w t h  r a t e  ( compared  \ jx th  







P o s s i b l e  I .A .A .  
b o nd ,  r e s p o n s i b l e  
f o r  t h i s  g r o w t h .  
- 3
10 p . p . m .  
-3
10  p . p . m .  
-3
6 x 10  p . p . m .  
-3
6x10  p . p . m .  
-3
4x10 p . p . m .  
-3
abou t  4x10 p . p . m .
P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w th .  
- 5
10  p . p . m .  
-3
6x 10 p . p . m .  
—2
6 x 10  p . p . m .  
- 3
4x10 p . p . m .  
- 3
10 p . p . m .  
-3
10 p . p . m .
Graphs 33 and 33a  show t h e s e  esEm ated  c o n c e n t r a t i o n s  
more c l e a r l y .  The a v e r a g e  g ro \H h  t a t e  o f  t h e  low er  s i d e s  
o f  t h e  r o o t s  was s t i l l  S i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  o f
(TtAPH 3 3 .  POSSIEEÆ AUXIIT COHCEITTRATIOHS IN HOOTS HHIHG GBOTROPIC
■REACT XOIT.
—- — —10 p.p.m* I.A.ACOHTROIS.
UPPER S ID E S.
stim.I CurvatureP r e - s t im u la t io n  time Recover# Straight
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t h e  u p p e r  s i d e s  a t  t h e  end  o f  t h e  e x p e r i m e n t s .  A number
o f  r o o t s  h a d  o v e r s h o t  t h e  h o r i z o n t a l  p o s i t i o n  and e x h i b i t e d
n e g a t i v e  c u r v a t u r e .  The e x p e r i m e n t s  w ere  n o t  c o n t i n u e d
lo n g  enough  f o r  t h i s  c u r v a t u r e  t o  d i s a p p e a r .  T h e r e f o r e ,
a  d i s c r e p a n c y  b e tw e en  t h e  f i n a l  g ro w th  r a t e s  o c c u r r e d
and an e s t i m a t e d  d i f f e r e n c e  i n  I . A . A .  c o n c e n t r a t i o n
b e tw e e n  t h e  u p p e r  and low er  s i d e s  o f  e a c h  roo t%
- 2
10 p . p . m .  I . A . A .  UPPER SIDES.
I n t e r v a l .
T,
% g ro w th  r a t e  (com pared  w i t h  








10 p . p . m .  I . A . A .  LQ\@R SIDES.
I n t e r v a l .
T
T,
% g ro w t h  r a . t e  (com pared  w i t h  







P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w th .  
-2
2x10 p . p . m .  
- 2
10 p . p . m .  
- 2
5x10 p . p . m .  
—2
2x 10  p . p . m .  
—2
2x10  p . p . m .  
—2
2x10  p . p . m .
P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w th .  
—2
2x 10  p . p . m .  
-2
2x 10 p . p . m .
1 p . p . m .  
—2
2x 10 p . p . m .  
—2
2x 10 p . p . m .  
—2
1 .5 x 1 0  p . p . m .
Grpp,Jis 33 and 33a show t h e s e  e s t i m a t e d  I .A .A .
l i ï
c o n c e n t r a t i o n s  compared w i t h  c o n t r o l s .  T hroughou t  m ost
o f  t h e  r e a c t i o n ,  t h e  i n t e r n a l  I .A .A .  c o n c e n t r a t i o n  o f
—2
t r e a t e d  r o o t s  a p p e a r e d  to  he a b o u t  2x10 p . p . m .  on b o t h
s i d e s  o f  t h e  r o o t s ^  D uring  t h e  g ro w th  r a t e s  o f  b o t h
s i d e s  d ro p p e d  c o n s i d e r a b l y ,  b u t  were n o t  s i g n i f i c a n t l y
d i f f e r e n t  f ro m  e a c h  o t h e r .  However, t h e  r a t e s  a t  t h i s
t im e  w ere  s i g n i f i c a n t l y  l o w e r ,  f o r  e a c h  s i d e ^ ,  t h a n  a t
p r e c e d i n g  and s u b s e q u e n t  t i m e s .  T h e r e f o r e ,  d u r in g  T^
t h e r e  a p p e a r e d  t o  be an i n t e r n a l  I .A .A .  c o n c e n t r a t i o n
-2
o f  b e tw e en  5x10 and 1 p .pm .  I t  was i m p o s s i b l e  to
e s t i m a t e  t h i s  c o n c e n t r a t i o n  w i t h  g r e a t e r  a c c u r a c y
b e c a u s e  t h e  i n h i b i t i o n  was so  g r e a t  t h a t  v e r y  l i t t l e
groivTth to o k  p l a c e .  I t  seems v e r y  im p to b a b le  t h a t  t h e
e s t i m a t e d  su d d en  g r e a t  i n c r e a s e  i n  I .A .A .  c o n c e n t r a t i o n ,
n e c e s s a r y  to  a c c o u n t  f o r  t h e  a lm o s t  t o t a l  g ro w th  i n h i b i t i o n
on  t h e  low er  s i d e s  o f  t r e a t e d  r o o t s  d u r i n g  geoticopism,
a c t u a l l y  t o o k  p l a c e .  The lo w e s t  r a t e  o f  g ro w th  o c c u r r e d
d u r i n g  t h e  p e r i o d  i n  w h ich  maximum i n h i b i t i o n  o f  g row th
o c c u r r e d  i n  a  n o rm a l  r o o t ,  e s p e c i a l l y  ofi t h e  lower s i d e
o f  t h e  r o o t .  Thus i t  a p p e a r e d  t h a t  some s y s t e m  w i t h i n
t h e  r o o t  was r e s p o n d i n g  t o  g r a v i t a t i o n a l  s t i m u l a t i o n ,
p o s s i b l y  r e s u l t i n g  i n  an i n c r e a s e  i n  a u x in  s e n s i t i v i t y
o f  t h e  c e l l s .  The r e s p o n s e  vtbb a lm o s t  swamped i n  t h e
t r e a t e d  r o o t s  by  t h e  o v e r a l l  g ro \H h  i n h i b i t i o n  cau sed
—2
by  t h e  a p p l i c a t i o n  o f  10 p .p .m .  I .A .A .  The p o s t u l a t e d  
i n c r e a s e d  s e n s i t i v i t y  a p p e a r e d  t o  r e a c h  i t s  maximum 
d u r i n g  t h e  p e r i o d  o f  maximum c u r v a t u r e  and a t  t h i s  t im e
112
t h e  p r e s e n c e  o f  t h e  a d d i t i o n a l  a u x in  r e s u l t e d  i n  t h e  
o b s e r v e d  a l m o s t  t o t a l  g r o w th  i n h i b i t i o n #
The a d d i t i o n  o f  an i n h i b i t o r y  c o n c e n t r a t i o n  of. I .A .A .
p r e v e n t e d  n o rm a l  g ro w th  and v i r t u a l l y  a l l  c u r v a t u r e
—2
d u r i n g  t h e  g e o t r o p i c  r e a c t i o n .  T re a tm e n t  w i t h  10 p . p . m .  
I . A . A .  showed t h a t  g ro w th  d u r i n g  g e o t r o p i s m  was a t  l e a s t  
p a r t i a l l y  c o n t r o l l e d  by  a u x i n  o r  some s i m i l a r  hormone 
i n  t h e  r o o t .
- 5
GRAPH 3 4 .  GEOTROPIC CURVATURE IN ROOTS TREATED WITH 10 p .p .m .  I .A .A *
(mean v a l u e s )
• CONTROLS.
- V  - 5
1 S ta n d a rd  D e v ia t io n  p l o t t e d  a t p o in t  o f
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-5
10 -p.-p.m. I . A . A .
The e f f e c t s  on t h e  g e o t r o p i c  r e a c t i o n  o f  an I .A .A .  
c o n c e n t r a t i o n  w h ich  gave  s t i m u l a t e d  g ro w th  i n  r o o t  
s e c t i o n  e x p e r i m e n t s  was n e x t  t r i e d  o u t .
—5
T h re e  r e p l i c a t e  e x p e r i m e n t s  w ere  done w i t h  10 p . p . m .  
I . A . A . ,  e a ch  w i t h  a  s e t  o f  c o n t r o l  r o o t s  i n  g l a s s  d i s t ­
i l l e d  w a t e r .
Graph 34 shows t h e  g e o t r o p i c  c u r v a t u r e  i n  one o f  
t h e s e  e x p e r i m e n t s .
RESULTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d ix  dn pages^OS^Cj,
The g r a p h  b r i n g s  o u t  t h e  f o l l o w i n g  p o i n t s ,  w h ich
a r e  e q u a l l y  t r u e  f o r  t h e  o t h e r  two e x p e r i m e n t s  : -  
-b
10 p . p . m .  I . A . A .  s p e e d e d  up  t h e  g e o t r o p i c  r e a c t i o n .
The t i m e ,  a f t e r  s t i m u l a t i o n  b e g a n ,  b e f o r e  c u r v a t u r e  s t a r t e d
was a b o u t  20  m i n u t e s  l e s s  t h a n  i n  c o n t r o l s .
The maximum d e g r e e  o f  c u r v a t u r e  was s i g n i f  i c a n t l y
-5
i n c r e a s e d  i n  r o o t s  t r e a t e d  w i t h  10 p . p . m .  I .A .A .  compared 
w i t h  t h a t  o f  c o n t r o l s . (Mean c u r v a t u r e  o f  3 1 .5 °  compared 
w i t h  c o n t r o l  mean o f  2 3 . 7 ° ) .  '
The t im e  talc en to  r e a c h  maximum c u r v a t u r e  was a b o u t  
t h e  same i n  t r e a t e d  and c o n t r o l  r o o t s .  T h e r e f o r e ,  t h e  
r a t e  o f  c u r v a t u r e  was f a s t e r  i n  r o o t s  t r e a t e d  w i t h  I .A .A .  
t h a n  i n  c o n t r o l s .
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GRQOTH DURIIJG THE GEOTROPIC REACT lOF.
The g ro w th  r a t e s  o f  t r e a t e d  and c o n t r o l  r o o t s  were  
m e a s u re d  o v e r  t h e  s i x  t im e  i n t e r v a l s .  An a n a l y s i s  o f  
v s - r i a n c e  was c a r r i e d  o u t  on t h e s e  r e s u l t s .
D e t a i l e d  r e s u l t s  o f  g r o w th  r a t e s  a r e  g i v e n  i n  t h e  a p p e n d ix  
on pag es  
V a r i a n c e  t a b l e .
S o u rv e  o f  
v a r i a n c e .
Sum o f  
S q u a r e s  •
D eg ree s  o f  
E reedom .
Mean S q u a r e . P .
T 4 6 2 3 5 0 .5 5 9 2 4 7 0 .1
E 3 2 4 4 5 .0 1 3 2 4 4 5 .0
S 2 4 5 5 .0 1 2 4 5 5 .0
TxE 5 6 9 2 3 .0 5 11384 .6 0.1%
TxS 1 2 9 4 9 1 .3 5 2 5 8 9 8 .3 0,1%
ExS 5 5 7 .5 1 5 5 7 .5
TxExS 5 0 6 5 .8 5 1 0 1 3 .2 it .
R e s i d u a l  
- v a r i a n c e . 5 1 7 4 4 1 .4 552 9 3 7 .4
Lumped 
r e s i d u a l  
v a r i a n c e . 5 2 2 5 0 7 .2 557 9 4 0 . 0
T— Time (T^yT^ e t c . )
E — T r e a tm e n t  ( I . A . A .  o r  g l a s s  d i s t i l l e d  w a t e r . )
S — S i d e  (u p p e r  o r  lo w e r )
The two i n t e r a c t i o n s ^ T  w i t h  E and T w i t h  8 ^were  v e r y  
s i g n i f i c a n t .
Grpphs o f  g ro w th  r a t e s  d u r i n g  t h e  s i x  t im e  i n t e r v a l s  
w e re  p l o t t e d  with, t h e  L .S .D .  a t  t h e  5% l e v e l  f o r  co m p a r i so n
GRAPH 35. ME AH GROV/TH RATES OP UPPER AHD LOV/ER SIPES OP ROOTS
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—  —  —1 0  p # p « r n . »  I  # A  e
j -  f-...
I ’i t i l R
rR--rj- ,—
^ P re-stim u lation  time 3tim .| Curvature
TIME (20 mm. to 1 hour)
S tra igh t
r o o ts •
115
o f  t h e  mesjn g r o w t h  r a t e s .  (See  g r a p h s  3 5 ,3 6  and 3 6 a ) .
Coiitparison o f  t h e  mean Rroi\rbh r a t e s  o f  t h e  UPPER and LOWER
-5
SIDES o f  r o o t s  t r e a t e d  w i t h  IQ p . p . m .  I . A . A . Graph 35 .  
I n t e r v a l .
E q u a l  g ro w th  r a t e s .
Tg Growth o f  t h e  u p p e r  s i d e s  s i g n i f i c a n t l y
h i g h e r  t h a n  t h a t  o f  t h e  lower:.’s i  d e s Q 
Grov/th o f  t h e  u p p e r  s i d e s  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  o f  t h e  lower  s i d e s .
Growth o f  t h e  u p p e r  s i d e s  s i g n i f i c a n t l y  
lo w er  t h a n  t h a t  o f  t h e  low er  s i d e s .
Growth  o f  t h e  u p p e r  s i d e s  s i g n i f i c a n t l y  
low er  t h a n  t h a t  o f  t h e  low er  s i d e s .
Tg E q u a l  groi^rth r a t e s .
. The h i g h e r  g ro w th  r a t e s  o f  t h e  u p p e r  s i d e s  d u r i n g  
Tg and a c c o u n t e d  f o r  c u r v a t u r e .
C om par ison  o f  t h e  mean grovrbh r a t e s  o f  t h e  UPPER SIDES o f  
r o o t s  i n  I . A . A .  w i t h  r a t e s  o f  UPPER SIDES o f  c o n t r o l s .G ra p h  36 
I n t e r v a l .
E q u a l  g ro w th  r a t e s .
T g , T j  Growth i n  t r e a t e d  r o o t s  v e r y  s i g n i f i c a n t l y
h i g h e r  t h a n  t h a t  o f  c o n t r o l s .
T ^ ,T g ,T g  Growth r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
At
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P re-stim ulation  time S t i m î  C u r v a tu r e  R e c o v e r y  
TIME (2 0  mm. t o  1 h o u r )
S tra igh t
r o o ts .
Com par ison  o f  t h e  mean g ro w th  r a t e s  o f  t h e  IDW R  SIIÎBS o f  
r o o t s  i n  I .A .A .  w i t h  r a t e s  o f  SIDES o f  c o n t r o l s  .G rap h  36a
I n t e r v a l .
E q u a l  g ro w th  r a t e s .
Tg Grovrth i n  t r e a t e d  r o o t s  v e r y  s i g n i f i c a n t l y
h i g h e r  t h a n  t h a t b o f  c o n t r o l s .
T , T .  Growth r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
3 4
T^.T^ Growth r a t e s  o f  t r e a t e d  r o o t s  o m v e r g e  o f5 o
b e i n g  s i g n i f i c a n t l y  h i g h e r  t h a n  c o n t r o l s .
The i m p o r t a n t  p o i n t s  o f  co m p ar iso n  a r e  as fo l lo \> rs : -
1 ) At t h e  b e g i n n i n g  o f  c u r v a t u r e , ( T g ) ,  t h e  g ro w th  r a t e
-5
o f  t h e  u p p e r  s i d e s  o f  r o o t s  t r e a t e d  w i t h  10 p .p .m .  I .A .A .  
was v e r y  much h i g h e r  t h a n  i n  c o n t r o l  r o o t s .  At t h i s  t im e  
t h e r e  wa^ an a c t u a l  s t i m u l a t i o n  o f  g ro w th  on t h e  upper  
s i d e s  o f  t h e  t r e a t e d  r o o t s .
2 )  D u r in g  t h e  same t im e  i n t e r v a l ,  t h e  g ro w th  on t h e
—5
low er  s i d e s  o f  r o o t s  t r e a t e d  w i t h  10 p . p . m .  I .A .A .  d id  
n o t  d ro p  as  i t  n o r m a l l y  d i d  i n  c o n t r o l s  The g ro w th  r a t e  
o f  t h e  low er  s i d e s  o f  t r e a t e d  r o o t s  was v e r y  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  o f  c o n t r o l s .  Even s o ,  t h e  g r e a t l y  
s t i m u l a t e d  g ro w th  o f  t h e  u p p e r  s i d e s  o f  t r e a t e d  r o o t s  
r e s u l t e d  i n  a  s i g n i f i c a n t l y  i n c r e a s e d  mean g e o t r o p i c  
c u r v a t u r e .  T h is  g ro w th  s t i m u l a t i o n  d u r in g  T^, e s p e c i a l l y  
on t h e  u p p e r  s i d e s  o f  t h e  r o o t s ,  a c c o u n te d  f o r  t h e
i n c r e a s e d  r a t e  o f  c u r v a t u r e .
At a l l  o t h e r  t im e s  b o t h  b e f o r e ,  d u r in g  and a f t e r
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t h e  g e o t r o p i c  r e a c t i o n  t h e r e  was l i t t l e  or  no d i f f e r e n c e
-5
b e tw e e n  t h e  g ro w t h  o f  r o o t s  t r e a t e d  w i t h  10 p . p . m . I . A . A .  
and  c o n t r o l s .
ESTIIIATIOM OF THE POSSIBLE I .A .A .  COIJTEITT OF TEE ROOTS.
COITTœiS, UPEER SIDES.
I n t e r v a l . % g r o w t h  r a t e  (com pared  w i t h P o s s i b l e  I .A .A .
u n s t i m u l a t e d  c o n t r o l s ) . c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w t h .  
- 5
h 1 0 0 10 p . p . m .  —3
^2 100 10 p . p . m .  -3
57 4 o r ° 5x10 p . p . m .  
- 3
72 3x10 p .  p .m .4 - 3
% 73 3x10 p .  p .m .  - 3
^6 100 10  p . p . m .
C0NTR0I8. 






fo  g ro v / th  r a t e  (com pared  w i t h  







P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w th .
10  p . p . m .  
-3
6x 10  p .  p .m .  
—2
2x 10 p .  p .m .  
- 3
10  p . p . m .  
- 3
10  p . p . m .  
-3
10  p . p . m .











-5—- — 10 p .p . m .  I . A . A .
P r e - s t i m u l â t i o n  t im e
Tg I T. 
S t i m .  C u r v a tu r e R e c o v e r y S t r a ig h t  
■ c o t s .
-t
hi








t e u j l S f If1
Stim ij C u r v a tu r e  R e c o v e r y  
TI>E (2 0  mm. t o  1 h o u r )
S t r a i g h t  
r o o t s  .
P r e - s t i m u l a t i o n  t im e
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-5
10 p . p . m .  I . A . A .  UPPER SIDES.
I n t e r v a l . % g ro w t h  r a t e  (com pared  w i t h P o s s i b l e  I .A .A .
u n s t i m u l a t e d  c o n t r o l s ) . c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w t h .  
- 3
h 100 10 p .p .m #  -4
138 10 p . p . m .
^3 75
“ O
2x10 p . p . m .  
-3
"4
64 4x10 p . p . m .  
-3
T5 73 3x10 p . p . m .  -3
100 10 p lp .m #
-5
10 p . p . m . I . A . A .  DOIVER SIDES.
I n t e r v a l . fc g r o w t h  r a t e  (com pared  w i t h P o s s i b l e  I .A .A .
u n s t i m u l a t e d  c o n t r o l s ) . co n c .  r e s p o n s i b l e  
f o r  t h i s  g ro w th .  
- 3
h 100 10 p . p . m .  —3
T2 100 10 p . p . m .  
—2
^3 33 1 .5 x 1 0  p . p . m .  -3
T4 100 10 p . p . m .  
- 3
^5 100 10 p . p . m .  - 3
^6 100 10 p . p . m .
S ec gr<xpV\s S'] cx ^  1T\ck, - 5
In  t h e  r o o t s  t r e a t e d  w i t h  10 p . p . m .  I .A .A .  g ro w th
r a t e s  s i g n i f i c a n t l y  d i f f e r e n t  f ro m  c o n t r o l s  were  o b t a i n e d
a t  t h e  b e g i n n i n g  o f  c u r v a t u r e .  D ur ing  t h i s  p e r i o d ,  on t h e
u p p e i j s id e s  o f  t h e  r o o t s  t h e  mean g ro w th  e x c e e d e d  t h a t  o f
u n s t i m u l a t e d  c o n t r o l s  by  38%. The o n l y  e x t e r n a l l y  a p p l i e d
a u x i n  c o n c e n t r a t i o n  fo u n d  to  s t i m u l a t e  g ro w th  t o  t h i s  
- 4
e x t e n t  was 10 p . p . m .  and even  s o ,  t r e a t m e n t  w i t h  t h i s  
c o n c e n t r  a t  i o n  d i d  n o t  c o n s i s t e n t l y  r e s u l t  i n  s u c h  a  h i g h
119
% s t i m u l a t i o n  o f  g r o w t h .  I t  seems m ost  u n l i k e l y  t h a t  t h e  
a d d i t i o n  o f  I . A . A ,  d e c r e a s e d  t h e  i n t e r n a l  a u x i n  c o n c ­
e n t r a t i o n  o f  t h e  r o o t .  T h e r e f o r e ,  i t  i s  d o u b t f u l  w h e th e r
t h e  e s t i m a t e d  a u x i n  c o n c e n t r a t i o n s  w ere  a c t u à l l y  p r e s e n t
—5
i n  g e o t r o p i c a l l y  s t i m u l a t e d  r o o t s  t r e a t e d  witfe 10  p . p . m .
I . A . A .  Aji e x p l a n a t i o n  o f  g ro w th  s t i m u l a t i o n  by  t h e
a d d i t i o n f o f  a u x i n  was g i v e n  by  B u r s t ro m  (19504 ,  who
assum ed  t h a t  I . A . A .  was t h e  n a t u r a l  g ro w th  hormone i n
r o o t s .  He s u g g e s t e d  t h a t  t h e  p r o c e s s  o f  c e l l  e l o n g a t i o n
c o u l d  be d i v i d d d  i n t o  two p h a s e s .  Auxin a f f e c t e d  t h e  two
p h a s e s  t o  a  d i f f e r e n t  e x t e n t .  The f i r s t  p h as e  o f  g ro w th
was a c c e l e r a t e d  by  a u x i n ,  w h i l s t  t h e  s e c o n d  p h a s e  o f
e l o n g a t i o n  was im peded .  The two a u x i n  a c t i o n s  were
i n d e p e n d e n t  and l o c a l l y  s e p a r a t e d .  Under n o rm a l  c o n d i t i o n s
t h e  s e c o n d  p h a s e  was d o m inan t  so t h a t  a u x i n  r e t a r d e d  r o o t
g r o w t h .  The a d d i t i o n  o f  a  low c o n c e n t r a t i o n  o f  a u x in  was
t h o u g h t  t o  r e s u l t  i n  t h e  dominance o f  t h e  f i r s t  a c t i o n
so  t h a t  g ro w th  a c c e l e r a t i o n  o c c u r r e d .
I n  t h e  p r e s e n t  r e s e a r c h ,  t h a  a u x i n  c o n c e n t r a t i o n  on
t h e  u p p e r  s i d e s  o f  n o rm a l  r o o t s  a p p e a re d  t o  be u n changed
d u r i n g  t h e  i n i t i a l  s t a g e  o f  c u r v a t u r e .  I t  was a t  t h i s
t im e  t h a t  v e r y  c o n s i d e r a b l e  g ro w th  s t i m u l a t i o n  o c c u r r e d
-5
on t h e  u p p e r  s i d e s  o f  r o o t s  t r e a t e d  w i t h  10 p .p .m .  I .A .A .  
T h i s  r e s u l t  c o u l d  be e x p l a i n e d  as b e in g  due to  t h e  
a c c e l e r a t i n g  a c t i o n  o f  t h e  added  I .A .A .  d u r i n g  t h e  f i r s t  
p h a s e  o f  c e l l  e l o n g a t i o n  d o m in a t in g  t h e  s e c o n d  i n h i b i t i n g  
a c t i o n .  On t h e  low er  s i d e s  o f  n o rm a l  r o o t s  d u r i n g
120
g e o t r o p i c  c u r v a t u r e  e i t h e r  an i n c r e a s e d  a u x i n  c o n c e n t r a t i o n  
o r  a  change  i n  t h e  s e n s i t i v i t y  o f  t h e  c e l l s  to  a u x in  
r e s u l t e d  i n  grovrth  i n h i b i t i o n .  Growth on t h e  lower  s i d e s  
o f  t r e a t e d  r o o t s  was n o t  so i n h i b i t e d .  The a d d i t i o n  o f  
a  low a u x i n  c o n c e n t r a t i o n  p r e s u m a b ly  h ad  t h e  §ame e f f e c t  
as  on t h e  u p p e r  s i d e s  b u t  t o  a  l e s s e r  d e g r e e  owing t o  
t h e  g e o t r o p i c a l l y  in d u c e d  change w hich  h ad  t a k e n  p l a c e
w i t h i n  t h e  c e l l s  o f  t h e  low er  s i d e s  o f  t h e  r o o t s .
-5
The s t i m u l a t o r y  e f f e c t  o f  10 p . p . m .  I .A .A .  was o n l y  
o b s e r v e d  a t  t h e  b e g i n n i n g  o f  g e o - c u r v a t u r e . S u b s e q u e n t  
t o  t h i s  t i m e ,  g r o w th  was n o r m a l .  A cc o rd in g  t o  B u r s t ro m  
t h i s  r e s u l t  c o u l d  be due t o  an a d a p t a t i o n  o f  t h e  c e l l s  
t o  t h e  ad d ed  a u x i n  so t h a t  t h e  s e c o n d  p h a s e  o f  gro\^rth 
was a g a i n  p r e d o m i n a n t .
I t  h a s  y e t  to  be p r o v e d  c o n c l u s i v e l y  t h a t  t h e  
e x p l a n a t i o n  p u t  f o r w a r d  by  B u r s t ro m  i s  t r u e .  I t  may be 
t h a t  t h e  a d d i t i o n  o f  a  s m a l l  q u a n t i t y  o f  a u x i n  s t i m u l a t e d  
c e r t a i n  enzyme s y s te m s  r e s u l t i n g  f i n a l l y  i n  i n c r e a s e d  
r o o t  g ro v r th .  A d d i t i o n  o f  l a r g e  q u a n t i t i e s  o f  e x t r a  
horm one  m ig h t  a c t  on an e n t i r e l y  d i f f e r e n t  s y s t e m  w i t h i n  
t h e  r o o t ,  b l o c k i n g  t h e  grovrth  p r o c e s s  a t  some o t h e r  s t a g e .
T r e a tm e n t  w i t h  I .A .A .  o n l y  a f f e c t e d  t h e  d e g re e  o f  
t h e  g e o t r o p i c  r e a c t i o n  o f  t h e  r o o t s .  T h e r e f o r e ,  i t  
a p p e a l s  t h a t  I . A . A .  o r  some s i m i l a r  hormone must  p l a y  
some r o l e  i n  t h e  g ro w th  r e a c t i o n  t o  t h e  u n i l a t e r a l  
s t i m u l u s  o f  g r a v i t y .
GRAPH 3 8 .  GEOTROPIC CURVATURE IN ROOTS TREATED WITH 100 p .p .m .  N .M .S .P .
(mean v a l u e s )
CONTROLS.
—  — X—  1 0 0 p .p .m .  N .M .S .P .
1 S tan d ard  D e v ia t io n  p l o t t e d  a t  p o in t  o f



















* S t im . ^
TIME IN  HOURS .
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GEQTROPIG EXPERIMEITTS WITH AE AITTI-AUXIN. 
o c - ( l "n ap h . th y lm e t l iy lsu lT 3 l i id e )  p r o p i o n i c  a c i d . f M . E . S . P .  )
I n  r o o t  s e c t i o n  e x p e r i m e n t s  M.M.8 .P .  hadmbeen 
e s t a b l i s h e d  as an  a n t a g o n i s t  o f  t h e  a c t i o n  o f  i n h i b i t o r y  
c o n c e n t r a t i o n s  o f  2 ,4 -1 ) .  and  I .A .A .  The e f f e c t  o f  H .M .S .P .  
u s e d  a l o n e  i n  g e o t r o p i c  e x p e r i m e n t s  was n e x t  i n v e s t i g a t e d ^  
b e f o r e  e x t e n d i n g  t h e  e x p e r i m e n t s  t o  a  s t u d y  o f  t h e  e f f e c t  
o f  I f .H .S .P .  i n  c o m b i n a t i o n  w i t h  e x t e r n a l l y  a p p l i e d  hormone 
s o l u t i o n s .
T h re e  c o n c e n t r a t i o n s  o f  ÎT.M.S.P. were u s e d  100,
30 and  10  p . p . m . ,  t h e s e  b e i n g  t h e  most  e f f e c t i v e  a n t a g o n i s t i c  
c o n c e n t r â t  io n s  i n  t h e  r o o t  s e c t i o n  e x p e r i m e n t s .
100 p . p . m .  I I .H .S .P .
T h ree  r e p l i c a t e  g e o t r o p i c  e x p e r i m e n t s  were p e r fo rm e d  
w i t h  r o o t s  t r e a t e d  w i t h  100 p . p . m .  ÏT .M .S.P . ,  e a c h  w i t h  
a  s e t  o f  c o n t r o l  r o o t s  i n  g l a s s  d i s t i l l e d  w a t e r .
Graph 38 shows t h e  t y p i c a l  c u r v a t u r e  fo u n d  i n  r o o t s  
t r e a t e d  w i t h  100 p . p . m .  IT.M.S.P. compared w i t h  c o n t r o l s .  
gESULTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d ix  on pages SLiâ, i3 .  
R o o t s  i n  100 p . p . m .  I I .M .S .P .  r e a c t e d  more s l o w l y  
and  t h e i r  mean c u r v a t u r e  a p p e a r e d  to  b è g i n  a b o u t  15 m in u te s  
l a t e r  t h a n  i n  c o n t r o l s .
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The maximum a n g l e  r e a c h e d  by  r o o t s  i n  100 p . p . m .  
N .M .S .P .  was e x t r e m e l y  s m a l l  and v e r y  s i g n i f i c a n t l y  
d i f f e r e n t  f r o m  c o n t r o l s .  (An a v e ra g e  a n g l e  o f  2 .4 °  
com pared  w i t h  2 6 ° ) .  The s t a n d a r d  d e v i a t i o n  f ro m  t h e  mean 
a n g l e  o f  r o o t s  i n  IT . l î .S .P .  showed t h a t  t h e r e  was,  i n  f a c t ,  
no s i g n i f i c a n t  c u r v a t u r e  a t  a l l .  T h is  r e s u l t  was ch e ck e d  
b y  c a l c u l a t i n g  t h e  L .S .D .  f ro m  z e ro  a t  t h e  5^  l e v e l  and 
f o u n d  t o  be c o r r e c t .
GROWTH DURIITG THE GEOTROPIC REACTKM.
Prom t h e  p r e c e d i n g  r e s u l t s r . o f e g e o t r o p i c  c u r v a t u r e  
one w o u ld  p r e d i c t  t h a t  grovrth  o f  r o o t s  i n  100  p . p .m .  
IT .K .S .P .  w ould  a l s o  be i n h i b i t e d ,  as  w i t h  i n h i b i t o r y  
c o n c e n t r a t i o n s  o f  a u x i n . An a n a l y s i s  o f  g ro w th  r a t e s  
o v e r  t h e  s i x  t im e  i n t e r v a l s  was t h e r e f o r e  c a r r i e d  o u t .
The g r o w t h  r a t e  r e s u l t s  f o r  100, 30 and 10 p . p . m .  
H . I I . S . P .  t o g e t h e r  w i t h  t h e i r  r e s p e c t i v e  c o n t r o l s  were 
a l l  a n a l y s e d  s t a t i s t i c a l l y  i n  one v a r i a n c e  a n a l y s i s . 
D e t a i l e d  r e s u l t s  o f  g ro w th  i n  100 p . p . m .  H .M .S .P .  a r e  
g i v e n  on p ag e  i n  t h e  a p p e n d ix .
V a r i a n c e  t a b l e .
GRAPH 3 9 .  MEAN GROWTH RATES OF UPPER AND LOWER S IP E S  OP ROOTS
TREATED WITH 1 0 0  p . p . m .  H . M . S . P .
 Upper s i d e s .







P re- s t i m u l â t  io n  tim e |S tim .| Curvature | R eco v ery
TIME,(20 mm. to  1 hou r)
S tra ig h t  
r o o t s .
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V a r i a n c e  t a b l e .
S o u rc e  o f  
v a r i a n c e .
Sum of  
S q u a r e s .
D egrees  o f  
F reed o m .
Mean S q u a r e . P .
T 1200561 5 240112
E 398921 3 132974
S 8560 1 8560
TxE 160684 15 10708
TxS 347567 5 69513
SxE 697 3 3 2324
TxExS 1053496 15 70233 O.lfo
R e s i d u a l
v a r i a n c e 1701640 1680 1013
T--T im e e t c . )
E — T r e a tm e n t  ( 1 0 0 ,5 0  o r  10 p . p . m .  N .M .S .P .  o r  c o n t r o l s . )
S —S i d e  ( u p p e r  o r  l o w e r ) .
The mean g ro w th  r a t e s  o f  r o o t s  t r e a t e d  w i t h  100 p .p .m ."  
M .M .S .P .  and t h e i r  c o n t r o l s  a r e  p l o t t e d  on g r a p h s  39 ,  40 
and 4 0 a ,  t o g e t h e r e  w i t h  t h e  L . S . D .  a t  t h e  5fo l e v e l  b e tw e en  
t h e  g ro w th  r a t e s .
C om par ison  o f  t h e  mean g ro w th  r a t e s  o f  UPPER and LOV/ER SIDES 
o f  r o o t s  t r e a t e d  w i t h  100 p . p . m .  JT .M .S .P .  Graph 39 .
The n o rm a l  i n c r e a s e  i n  g ro w th  r a t e  a s s o c i a t e d  w i t h  
r o t a t i o n  t o o k  p l a c e ,  b u t  d u r i n g  e a ch  t im e  i n t e r v a l  t h e  
r a t e s  on u p p e r  and low er  s i d e s  were  n o t  s i g n i f i c a n t l y  
d i f f e r e n t .  Mormal g ro w th  o c c u r r e d  b u t  no c u r v a t u r e ,  a f t e r  
40 m in u te s  g r a v i t a t i o n a l  s t i m u l a t i o n .
GRAPH 40 . MEA^ T GROWTH RATES OP UPPER SIDES OP ROOTS TREATED WITH
100 p .p .m . H.M .S.P. COMPARED WITH THOSE OP CONTROI£.
 CONTROLS. tt





P r e - s t i m u l a t i o n  t im e Curvature  Recovery 
TIME (20 mm. to 1 hou r)
S t r a ig h  
r o o t s .
GRAPH 4 0 a .  ME AH GROV/TH l^ATES OP 10VŒR SIPES OP ROOTS TREATED WITH 
1 0 0  p . p . m .  H .M .S .P .  CQT-IPAREP WITH THOSE OP CQHTToLS .
  COHTROLS.
 100  p lD .m .  H .M .S .P
P r e - s t i m u l a t i o n  t im e  p t i m .  |C u r v a t u r e  R e c o v e r y
TIME ( 2 0  mm. t o  1 h o u r )
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Com par ison  o f  t h e  mean g ro w th  r a t e s  o f  t h e  UPPER SIDES o f  
r o o t s  i n  H.M.8 . P .  w i t h  c o n t r o l s . Graph 4 0 .
I n t e r v a l .
E q u a l  g ro w th  r a t e s .
Tg Growth r a t e  o f  t r e a t e d  r o o t s  on v e r g e  o f  b e i n g
s i g n i f i c a n t l y  low er  t h a n  t h a t  o f  c o n t r o l s .
Groivth r a t e  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  o f  c o n t r o l s .
Growth r a t e  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  o f  c o n t r o l s .
Tg Growth  r a t e  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y
lo w er  t h a n  t h a t  6 f  c o n t r o l s .
C om p ar iso n  o f  t h e  mean gro-^vkh r a t e s  o f  t h e  LOWER SIDES o f  
r o o t s  i n  H .M .S .P .  . w i t h  t h e  r a t e s  o f  t h e  LO¥SR SIXES o f  contrflbls 
Graph  4 0 a .
I n t e r v a l .
E q u a l  g ro w th  r a t e s .
T g ,T ^  Gro\srth r a t e  o f  t r e a t e d  r o o t s  s i g n i f  i c a n t l y
h i g h e r  t h a n  t h a t  o f  c o n t r o l s .
Growth r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
Tg Growth r a t e  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y
low er  t h a n  t h a t  o f  c o n t r o l s .
T h e r e f o r e ,  t r e a t m e n t  w i t h  100 p . p . m .  H .M .S .P .  
r e s u l t e d  i n  c o m p le t e  i n h i b i t i o n  o f  c u r v a t u r e  and y e t  no 
i n h i b i t i o n  o f  g ro w th  on e i t h e r  s i d e  o f  t h e  r o o t s  d u r in g  
t h e  g e o t r o p i c  r e a c t i o n .  The g ro w th  r a t e s  o f  r o o t s  i n
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100 p . p . m .  F .K .S .  P .  o n l y  f e l l  be low  c o n t r o l  v a l u e  d u r i n g  
T5 , when t h e  c o n t r o l  g e o t ic o p ic  r e a c t i o n  and r e c o v e r y  h ad  
b e e n  c o m p l e t e d .  T h is  d e c r e a s e d  g ro w t h  was p r o b a b l y  due 
t o  t h e  h i g h  n o n - p h y s i o l o g i c a l  c o n c e n t r a t i o n  o f  IT.M.S.P. 
u s e d .
On t h e  u p p e r  s i d e s  d u r i n g  T;^,T^ and T^ g ro w th  o f  
t h e  c o n t r o l s  d ro p p ed  as maximum c u r v a t u r e  was a t t a i n e d  
and  t h e n  r e c o v e r y  b e g a n .  D u r in g  t h e s e  t i m e s ,  t h e  g ro w t h  
r a t e s  o f  t r e a t e d  r o o t s  s t e a d i l y  i n c r e a s e d .  S i m i l a r l y ,  
oh t h e  lo w er  s i d e s ,  g ro w t h  o f  c o n t r o l  r o o t s  .was v e r y  
i n h i b i t e d  d u r i n g  Tg and T^ b u t  i n  t r e a t e d  r o o t s  t h e r e  
was no d e c r e a s e  i n  t h e  g ro w th  r a t e  and t h e r e f o r e  no 
c u r v a t u r e  t o o k  p l a c e .
E8TIKATI0W OP THE I .A .A .  CONTENT OP THE ROOTS.
S i n c e  H . I I .S .P .  i s  an a u x i n  a n t a g o n i s t  an e s t i m a t i o n  
was made o f  t h e  I . A . A .  c o n t e n t  o f  t r e a t e d  r o o t s  and compared 
w i t h  t h a t  o f  c o n t r o l  r o o t s  t o  t r y  t o  d i s c o v e r  v/hat t y p e  
o f  ch a n g e s  h a d  t a k e n  p la .ce  i n  t h e  r o o t s .
COHTROIS. UPPER SIDES.





$  g r o w t h  r a t e  (com pared  w i t h  






P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w th .
—3
10  p . p . m .  
- 3
10  p . p . m .  
- 3
3x10 p . p . m .  
-3
3x10 p . p . m .  
- 3
3x10 p . p . m .
GRAPH 41 .  POSSIBLE I .A .A .  CONCENTRATIONS IN ROOTS. DURING GEOTROPIC
REACTION.
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P r e - s t i m u l a t i o n  t im e  |S t im . |  C u r v a tu r e  ) R e c o v e r y
TIME ( 2 0  mm. t o  1 h o u r )
Straight
ro o ts .
126
CONTROIS. UPPER SIDES (c o n tin u e d )
I n t e r v a l  ^  g ro w t h  r a t e  (com pared  w i t h  
u n s t i m u l a t e d  c o n t r o l s ) «
^6
CONTROIS^POWER S IDES. 
I n t e r v a l
100
T,
m  rn  rp
% g ro w th  r a t e  (com pared  w i t h  





P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w t h .
- 3
10  p . p . m .
P o s s i b l e  I .A .A ,  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w t h .
- 5
10 p . p . m .  
- 3
5x10 p . p . m  
—2
3x10 p . p . m .  
-3
10  p . p . m .
100 p . p . m .  N .M .S .P .  UPPER SIDES. 
I n t e r v a l
TijTg,
T 3 ,T 4 ,
% g r o w t h  r a t e  (com pared  w i t h  
u n s t i m g r l a t e d  c o n t r o l s  ) .
100
81
100 p . p . m .  N .M .S .P .  LQUTO SIDES. 
I n t e f v a l
T1 »T2 . )
5*
$  g r o w t h  r a t e  (com pared  w i t h  
u n s t i m u l a t e d  c o n t r o l s ) .
100
87
P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w th .
-3
10  p . p . m .  
- 3
2x 10  p . p . m .
P o s s i b l e  I .A .A .  
co n c .  r e s p o n s i b l e  
f o r  t h i s  g ro w th
-3
10  p . p . m .  
-3
2x 10  p . p . m .
I n  t h e  c o n t r o l  r o o t s  t h e  i n t e r n a l  I .A .A .  c o n c e n t r a t i o n
a p p e a r e d  t o  i n c r e a s e  d u r i n g  c u r v a t u r e .  I n  r o o t s  1r e a t e d
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w i t h  100 p . p . m .  N .M .S .P .  t h e  c o n c e n t r a t i o n  t h r o u g h o u t  t h e
e x p e r i m e n t  r e m a in e d  a t  a b o u t  u n s t i m u l a t e d  c o n t r o l  l e v e l ,
- 5
e s t i m a t e d  t o  be 10 p . p . m .  Growth s i m i l a r  t o  t h a t  w h ich
o c c u r r e d  i n  t r e a t e d  r o o t s  c o u ld  a l s o  have  r e s u l t e d  f ro m
t h e  p r e s e n c e  o f  a  s u b o p t i m a l  a u x in  c o n c e n t r a t i o n ,  i n  t i  e 
-5  -6
r e g i o n  o f  10 or  10 p . p . m .  o r  p e r h a p s  e t e n  w e a k e r . I f  
a  v e r y  low a u x i n  E o n c e n t r a t i o n  was p r e s e n t  i n  t h e  r o o t  a t  
t h e  b e g i n n i n g  o f  t h e  g e o t r o p i c  r e a c t i o n ,  t h e n  i f c a n d i n c r e a s e  
i n  a.uxin c o n c e n t r a t i o n  o c c u r r e d  on t h e  low er  s i d e  o f  t h e  
r o o t ,  ( a s  i n d i c a t e d  f ro m  c o n t r o l  r e s u l t s ) ,  s u c h  an in c reases  
m ig h t  b r i n g  t h e  c o n c e n t r a t i o n  up  t o ,  o r  beyond ,  t h e  
s t i m u l a t o r y  l e v e l .  A s t i m u l a t o r y  c o n c e n t r a t i o n  o f  a u x i n  
mn t h e  lo w er  s i d e  o f  t h e  r o o t  w ould  c a u s e  n e g a t i v e  g e o ­
t r o p i c  c u r v a t u r e .  A s u p r a - o p t i m a l  c o n c e n t r a t i o n  on t h e  
low er  s i d e  w ou ld  c a u s e  some p o s i t i v e  c u r v a t u r e .  N e i t h e r  
n e # active n o r  p o s i t i v e  g e o t r o p i c  c u r v a t u r e  was o b s e r v e d  
i n  t h e  t r e a t e d  r o o t s .
I f ,  on t h e  o t h e r  h a n d ,  t h e  m ain  change o c c u r r i n g  i n  
t h e  r o o t  as a  r e s u l t  o f  t h e  g r a v i t a t i o n a l  s t i m u l a t i o n  
was an i n c r e a s e d  s e n s i t i v i t y  or  i r r i t a b i l i t y  o f  t h e  p r o t o ­
p l a s m  o f  t h e  c e l l s  o f  t h e  low er  s i d e  o f  t h e  r o o t  to  a u x i n ,  
one w ould  n o t  e x p e c t  any  c u r v a t u r e  t o  t a k e  p l a c e ,  
p r o v i d e d  t h e  a u x i n  c o n c e n t r a t i o n  p r e s e n t  was v e r y  low. 
R e s u l t s  a r e  t h o u g h t  t o  b e a r  o u t  t h i s  e x p l a n a t i o n .
A c o m p a r i s o n  o f  t h e  e f f e c t s  o f  t h e  t h r e e  d i f f e r e n t  N .M .S .P .  
showed t h a t  as t h e  c o n c e n t r a t i o n  o f  t h e  a n t a g o n i s t  
i n c r e a s e d  t h e  i n t e r n a l  I . A . A .  c o n c e n t r a t i o n  a p p e a r e d  to
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f a l l  and  t h e s e  r e s u l t s  a g a i n  i n d i c a t e d  t h a t  t h e  r o o t s  
t r e a t e d  w i t h  100 p . p . m .  N .M .S .P .  p r o b a b l y  c o n t a i n e d  a  
v e r y  low e f f e c t i v e  a u x i n  c o n c e n t r a t i o n .  (See  d i s c u s s i o n  
on p ag e
At t h e  end o f  t h e  e x p e r i m e n t ,  when t h e  r o o t s  u s e d  as  
c o n t r o l s  w ere  once  more s t r a i g h t ,  t h e  g ro w th  r a t e  o f  t r e a t e d  
r o o t s  f e l l  s l i g h t l y  be lo w  t h a t  o f  t h e  c o n t r o l s . At t h i s  
t i m e ,  g ro w t h  c o u l d  o n l y  be a c c o u n t e d  f o r  i n  te rras  o f  an 
i n h i b i t o r y  c o n c e n t r a t i o n  o f  I .A .A .  As s t a t e d  e a r l i e r ,  
t h e  i n h i b i t i o n  was more p r o b a b l y  due t o  t h e  v e r y  h i g h  
c o n c e n t r a t i o n  o f  N .H . S . P .  u s e d .  100 p . p . m .  N .M .S .P .  
c a u s e d  20fo i n h i b i t i o n  o f  r o o t  s e c t i o n  g ro w th  and i t  i s  
t h e r e f o r e  q u i t e  f e a s i b l e  t h a t  i t s  p r e s e n c e  would e v e n t u a l l y  
h a v e  a  p h y s i o l o g i c a l  e f f e c t  on whole r o o t  g r o w th ,  a p a r t  
froTT^ts a n t a g o n i s t i c  a c t i o n  to w ard s  a u x i n .
GRAPH 4 2 .  GEQTROPIC CURVATURE IH ROOTS TREATED WITH 50 p . p .m. H .M .S .P ,
'*n[‘mean valuei7
 CONTROLS. - i
 ?<r-30^p.p.m. N .M .S .P .
1 S t a n d a r d  D e v i a t i o n  p l o t t e d  a t  p o i n t  o f
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50  13,p .m .  n . M . S . P .
T h re e  r e p l i c a t e  g e o t r o p i c  e x p e r i m e n t s  were  c a r r i e d  
o u t ,  e a c h  w i t h  a  s e t  o f  c o n t r o l  r o o t s  i n  g l a s s  d i s t i l l e d  
w a t e r .
G raph  42 shows t h e  c u r v a t u r e  o f  t h e  r o o t s  i n  a  
t y p i c a l  e x p e r i m e n t .
RESULTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d ix  on p ag es
C u r v a t u r e  began  a t  t h e  same t im e  i n  t r e a t e d  and 
c o n t r o l  r o o t .
The mea.n maximum a n g l e  was r e a c h e d  a t  t h e  same t im e  
i n  b o t h  s e t s  o f  r o o t s ,  b u t  t h a t  o f  r o o t s  t r e a t e d  w i t h  
30 p . p . m .  N .M .S .P ,  was v e r y  s i g n i f i c a n t l y  low er  t h a n  t h a t  
o f  c o n t r o l s . ( 1 4 . 0 °  com pared  w i t h  3 0 . 8 ° ) .
GROWTH DÜRIITG THE GEOTROPIC REACT lOIT.
The t a b l e  o f  t h e  v a r i a n c e  a n a l y s i s  w h ich  i n c l u d e d  
t h e  r e s u l t s  o f  g r o \ ^ h  r a t e s  o f  r o o t s  i n  30 p . p . m .  ,¥.M.SL P .  
was g i v e n  on p age  1 2 3 ,  S i n c e  t h e  t r i p l e  i n t e r a c t i o n  o f  
t im e  w i t h  s i d e  and  t r e a t m e n t  (TxSxEJ-)- was h i g h l y  s i g n i f i c a n t  
t h e  d o u b le  i n t e r a c t i o n s  c o u l d  n o t  be t e s t e d  againsc t  t h e  
r e s i d u a l  v a r i a n c e .  T h e r e f o r e ,  g row th  r a t e s  w ere  p l o t t e d  
t o g e t h e r  w i t h  t h e  L .S .D .  b e tw een  them  a t  t h e  5fo l e v e l ,  t o  
show s i g n i f i c a n t  d i f f e r e n c e s .  Graphs 4 3 ,  44 and 44a
GIAPH 43. MEAIT GROOTH RATES OP UPEBR AKD LOVJER SIDES OF HOOTS
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GRAPH 4 4 .  MEAN GROWTH RATES OP UPPER S I DES OP ROOTS TREATED V/ITH 
50  p . p . m .  N . M . S . P .  COMPARED WITH THOSE OP GOUT RODS .
 CONTROLS.
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GRAPH 44a . MEAN GROOTH RATES OP LOVER SIDES OP ROOTS TREATED WITH
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S tra ig h t
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show t h e  mean g r o w t h  r a t e s  o f  t h e  u p p e r  and lo w er  s i d e s  
o f  t r e a t e d  and c o n t r o l  r o o t s ,  p l u s  L . S . D s .  b e tw e en  th e m .  
C o m p a r i so n  o f  t h e  mean g r o w t h  r a t e s  o f  UPPER and  LOWER SIDES 
o f  r o o t s  t r e a t e d  w i t h  30 p . p . m .  N . H . S . P .  G raph  4 3 .
I n t e r v a l .
No s i g n i f i c a n t  d i f f e r e n c e  b e tw e e n  g r o w th  r a t e s .  
G row th  r a t e s  o f  t h e  u p p e r  s i d e s  j u s t  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h o s e  o f  lo w er  s i d e s .
T 4 , T 5 , )
Tg ) No s i g n i f i c a n t  d i f f e r e n c e  b e tw e e n  g ro w th  r a t e s .
The h i g h e r  g r o w t h  r a t e s  o f  t h e  u p p e r  s i d e s  d u r i n g  
Tg and  a c c o u n t e d  f o r  t h e  o b s e r v e d  cu r  ven ture .
C o m p ar iso n  o f  t h e  mean g ro w th  r a t e s  o f  t h e  UPPER SIDHIS o f  
r o o t s  i n  N .M .S .P .  w i t h  r a t e s  o f  UPPER SIDES o f  c o n t r o l s .
G raph  4 4 .
I n t e r v a l .
Tp t o  Tg G row th  r a t e s  o f  t r e a . t e d  r o o t s  s i g n i f i c a n t l y
h i g h e r  t h a n  t h o s e  o f  c o n t r o l s .
C o m p ar iso n  o f  t h e  mean g r o w t h  r a t e s  o f  t h e  LOVER SIDES o f  
r o o t s  i n  N .M .S .P .  w i t h  r a t e s  o f  LOVŒR SIDES o f  c o n t r o l s #
G rap h  4 4 a .
I n t e r v a l
T^ t o  T^ Growth  r a t e s  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y
h i g h e r  t h a n  t h o s e  o f  c o n t r o l s .
Tg Gro if th  r a t e  o f  t r e a t e d  r o o t s  n o t  s i g n i f i c a n t l y
d i f f e r e n t  f r o m  c o n t r o l s .
T h ro u g h o u t  t h e  w ho le  g e o t r o p i c  r e a c t i o n  t h e  g ro w th
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r a t e s - o f  b o t h  u p p e r  and lo w er  s i d e s  o f  r o o t s  t r e a t e d  w i t h  
30 p . p . m .  N .M .S .P .  w ere  v e r y  much h i g h e r  t h a n  c o r r e s p o n d i n g  
r a t e s  f o r  c o n t r o l s .  D u r in g  Tg t h e  g r o w t h  r a t e  f e l l  on t h e  
lo w e r  s i d e s  o f  c o n t r o l  r o o t s ,  b u t  i n  t r e a t e d  r o o t s  t h e  
r a t e  r o s e .  The r e l a t i v e l y  g r e a t e r  i n c r e a s e  i n  g ro w th  
r a t e  on t h e  lo w e r  s i d e s  o f  t r e a t e d  r o o t s  com pared  w i t h  t h a t  
o f  t h e  u p p e r  s i d e s  o f  t h e  same r o o t s  a c c o u n t e d  f o r  t h e  
r e d u c e d  g e o t r o p i c  c u r v a t u r e .
ESTIMATION OP THE I . A . A .  CONTENT OF TEE ROOTS. 
CONTROIS . UPPER SIDES.




% g r o w t h  r a t e ( c o m p a r e d  w i t h  






CONTROIS. LOvÆt SIDES. 




% g r o w t h  r a t e  (co m p ared  w i t h  





P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o \ f t h .
- 3
10 p . p . m .  
- 3
3x10 p . p . m .  
- 3
3x10 p . p . m .  
- 3
3x10 p . p . m .  
- 3
10 p . p . m .
P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  grov/Mi,
—3
10 p . p . m .  
- 3
5x10 p . p . m .  
-2
3x10 p . p . m .
- 3
10  p . p . m .
GRAPH 45 .  POSGIBIÆ I .A .A .  COHGKHTRATlOHS IN ROOTS DIRIHG GEOTROPIC
REACTION.
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P re -stim u la tio n  time o tim . Curvature Recovery
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30 p . p . m . N .M .S .P .  TJPPKR S U E S .
I n t e r v a l % g r o w t h  r a t e  (co m p a re d  w i t h P o s s i b l e  I . A . A .
u n s t i m u l a t e d  c o n t i p l s  ) • c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w t h .  
-4
Tj_,Tg 133 10' p . p . m .  
- 3
"3
100 10 p . p . m .  
—4
T4 127 10 p . p . m .
TgjTe 100
—«J
10 p . p . m .
30 p . p . m . ÎT .H .3 .P .  m m R  SIDES.
I n t e r v a l % groi'Tkh r a t e  ( co m p a re d  w i t h P o s s i b l e  I . A . A .
u n s t i m u l a t e d  c o n t r o l s ) . c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w t h .  
- 4
133 10 p . p . m .
- 3
1 0 0 10 p . p . m .  
—4
^4 141 10 p . p . m .  —4
% 117 10 p . p . m .  - 3
^6 1 0 0 10 p . p . m .
G raphs  45 and  4 5 a  show t h e s e  e s t i m a t e d  I . A . A .  c o n c ­
e n t r a t i o n s  d u r i n g  t h e  g e o t r o p i c  r e a c t i o n  and a u t o t r o p i s m .  
R o o t s  t r e a t e d  w i t h  30 p . p . m .  ÎT .I I .S .P .  a p p e a r e d  t o  h a v e  a t  
a l l  t i m e s  d u r i n g  t h e  g e o t r o p i c  r e a c t i o n  a  low er  i n t e r n a l  
I . A . A .  c o n c e n t r a t i o n  t h a n  t h e  c o r r e s p o n d i n g  c o n t r o l s .
I n  t h e  t r e a t e d  r o o t s ,  t h r o u g h o u t  t h e  g r e a t e r  p a r t  o f  t h e  
r e a c t i o n ,  t h e  e s t i m a t e d  I . A . A .  c o n c e n t r a t i o n  was à t  t h e  
s t i m u l a t o r y  l e v e l .  D u r in g  Tg and  t h e r e  a p p e a r e d  t o  
be a  c o n c e n t r a t i © n  o f  a b o u t  10 p . p . m .  on t h e  lo w er  s i d e s  
o f  t r e a t e d  r o o t s .  I t  i s  p o s s i b l e  t h a t  no a c t u a l  i n e r e  a s e  
i n  a u x i n  o c c u r r e d  a t  t h i s  t i m e .  I t  may be t h a t  o n l y  a t
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t h i s  t im e  was t h e  a u x i n  s e n s i t i v i t y  o f  t h e  p r o t o p l a s m  
i n o r  e a s e d  t o  s u c h  an e x t e n t  t h a t  t h e  low a u x in  c o n c e n t r a t i o n  
p r e s e n t  a f f e c t e d  i t .  I t  was d u r i n g  t h e  same t im e  t h a t  
g ro w th  i n h i b i t i o n  o c c u r r e d  i n  c o n t r o l  r o o t s ,  on t h e  lo w er  
s i d e s ,  a g a i n  i n d i c a t i n g  e i t h e r a )  a  v e r y  c o n s i d e r a b l e ,  
and  im p r o b a b l e ,  i n c r e a s e  i n  a u x i n  c o n c e n t r â t !  on on t h i s  
s i d e ,  o r ,  b )  an i n c r e a s e d  s e n s i t i v i t y  to  a u x i n  o f  t h e
c e l l s  o f  t h e  low er  s i d e s .
As 100 p . p . m .  IT.M.S.P. a p p e a r e d  t o  ha.ve a n t a g o n i s e d
I .A .A .  i n h i b i t i o n  i n  t h e  r o o t ,  r e s u l t i n g  i n  no g e o t r o p i c
c u r v a t u r e  and g ro w th  s i m i l a r  to  t h a t  o f  u n s t i m u l a t e d ,  
r o t a t e d  r o o t s ,  30 p . p . m .  ¥.14.S . P .  a l s o  a p p e a r e d  to  have  
a n t a g o n i s e d  a u x i n  a c t i o n  t o  some e x t e n t  c a u s i n g  i n c r e a s e d  
groT^rth on b o t h  s id .es  o f  t h e  r o o t s  and t h e r e f o r e  d e c r e a s i n g  
t h e  d e g r e e  o f  c u r v a t u r e .
GRAPH 4 6 .  GE0TRQ])IC IgURVATU!^ IH ROOTS ygEATEP WITH 10 p .p .m .  H .M .S .P .  
     . (mean v a l u e s  )
■COMROLS'. 1 S ta n d a rd  D e v i a t i o n  p l o t t e d  a t  p o i n t  o f
maximum c u r v a t u r e .








t  - I
iims
t im .
Tim  IE HOURS .
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10 p . p . m .  ¥ .14 .8  .P .
T h re e  r e p l i c a t e  e x p e r i m e n t s  w ere  p e r f o r m e d ,  e a c h  
w i t h  a  s e t  o f  c o n t r o l  r o o t s  i n  g l a s s  d i s t i l l e d  w a t e r .
G raph  46 shows g e o t r o p i c  c u r v a t u r e  i n  r o o t s  t r e a t e d  
w i t h  10 p . p . m .  ¥.11.8 .P .  com pared  w i t h  c o n t r o l s .
RESULTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  on pages  *7 .
C u r v a t u r e  began  a b o u t  IS  m i n u t e s  l a t e r  i n  t r e a t e d  
r o o t s  tha,n i n  c o n t r o l s .
The maximum a n g l e  was r e a c h e d  b y  t r e a t e d  and c o n t r o l  
r o o t s  a t  t h e  same t i m e .  The mean giaximum a n g l e  made by  
t r e a t e d  r o o t s  was n o t  s i g n i f  i c a n t l y  d i f f e r e n t  f ro m  jrhat  
o f  c o n t r o l s ,  a l t h o u g h  i t  s h o u l d  be n o t e d  t h a t  i n  a l l  
t h r e e  e x p e r i m e n t s ,  t h e  mean maximum a n g l e  o f  t r e a t e d  r o o t s  
was w e l l  b e lo w  t h a t  f o r  c o n t r o l s .  Due t o  t h e  v a r i a t i o n s  
b e tw e e n  i n d i v i d u a l  r o o t s ,  h o w e v e r , when s t a n d a r d  d e v i a t i o n s  
w ere  p l o t t e d  t h e  maximum a n g l e s  o f  t h e  two s e t s  o f  r o o t s  
w e re  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
GRQV7TH DURI¥G THE GEOTROPIC REACTC 0 ¥ .
The v a r i a n c e  t a b l e  o f  t h e  a n a l y s i s  o f  growhïi o f  
r o o t s  t r e a t e d  w i t h  10 p . p . m .  ¥ . M . S . P .  was g i v e n  on p a g e  
1 2 3 ,  w here  t h e  r e s i l t s  w ere  combined w i t h  t h o s e  f o r  
100 and 30 p . p . m .  ¥ . M . S . P .
GRAPH 4 7 . m M  GROWTH HATES OP UPPER AND LOWER SIDES OP ROOTS





—  Upper s i d e s .
Lower s i d e s .
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D e t a i l e d r r e s u l t s  o f  g r o w th  r a t e s  a r e  g i v e n  i n  t h e  
a p p e n d i x  on  p a g e s
G raphs 4 7 ,  48 and  4 8 a  show t h e  mean g ro w th  r a t e s  o f  
u p p e r  and lo w e r  s i d e s  o f  r o o t s  i n  10 p . p . m .  F .M .S .P .  
compaxeû  w i t h  c o n t r o l s .  L . S . D s .  a t  t h e  5% l e v e l  a r e  
p l o t t e d  f o r  c o m p a r i s o n  o f  t h e s e  g r o w t h  r a t e s .  
f lom nar ison  o f  t h e  mean g r o w t h  r a t e s  o f  t h e  UPPER and LOUER 
SIDES o f  r o o t s  t r e a t e d  w i t h  10 p . p . m .  U.ll .S .  P .  Graph 4 7 .  
I n t e r v a l .
Growth  r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
Tg Growth  r a t e  o f  u p p e r  s i d e s  s i g n i f i c a n t l y
h i g h e r  t h a n  t h a t  o f  lo w er  s i d e s .
T3  Growth  r a t e  o f  u p p e r  s i d e s  v e r y  s i g n i f i c a n t l y
h i g h e r  t h a n  t h a t  o f  lo w er  s i d e s .
Growth r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
T3 Growth r a t e  o f  t h e  u p p e r  s i d e s  s i g n i f i c a n t l y
low er  t h a n  t h a t  o f  lo w er  s i d e s .
Tg Growth  r a t e s  n o t  s i g n i f i c a n t l y  d i f f é r a n t .
D u r in g  T^, a t  t h e  b e g i n n i n g  o f  c u r v a t u r e ,  b o t h  
g rov / th  r a t e s  i n c r e a s e d  b u t  t h a t  o f  t h e  u p p e r  s i d e s  was 
s i g n i f  i c a n t l y  h i g h e r  t h a n  t h a t  o f  t h e  low er  s i d e s .
D u r in g  T3 , when c u r v a t u r e  r e a c h e d  i t s  maximum, t h e  
c o n s i d e r a b l e  d i f f e r e n c e  b e tw e en  t h e  g ro w th  r a t e s  o f  u p p e r  
and  low er  a i d e s  a c c o u n t e d  f o r  m ost  o f  t h e  c u r v a t u r e .
At t h i s  t i m e ,  t h e  mean g r o w th  r a t e  o f  t h e  u p p e r  s i d e s  was 
s t i l l  i n c r e a s i n g .  I n  c o n t r o l s  t h e  g r o w th  r a h e  o f  t h e  












GRAPH 4 8 . WEAH GP.OOTH RATES OF UPPER SIDES OP ROOTS TREATED WITH
10 p .p .m , H .M .S.P. COPIPAREP WITH THOSE OP COHTROIS.
■CONTROLS.
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GRAPH 48 . MEAN GROV/TH RATES OP UPPER SIPES OP ROOTS TREATED WITH
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Tj» r e c o v e r y  o c c u r r e d ,  t h e  low er  s i d e s  o f  t h e  r o o t s  
g ro w in g  f a s t e r  t h a n  t h e  u p p e r  s i d e s  d u r i n g  so  t h a t  
s t r a i g h t e n i n g  o f  t h e  r o o t s  t o o k  p l a c e .
C om par ison  o f  mean grovrbh r a t e s  o f  UPEEIR SIH5S o f  r o o t s  
i n  U . K . S . P .  w i t h  r a t e s  o f  UPEBR S I IE S  o f  c o n t r o l s  .G rap h  48 
I n t e r v a l
Growth  r a t e s  n o t  s i g n i f  i c a n t l y  d i f f e r e n t .
T^,Tg ) G row th  r a t e s  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y
h i g h e r  t h a n  t h o s e  o f  c o n t r o l s .
Tg Growth  r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
G om par ison  o f  mean g ro w th  r a t e s  o f  LO\'JER SIHSS o f  r o o t s  
i n  IT.M.S. P .  w i t h  r a t e s  o f  LO\ J^ER S ID ES‘o f  c o n t r o l s  . G raph  4 8 a  
I f l | t e r v a l
T j .  G row th  r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
Tp,T'^) Growth r a t e s  o f  t r e a t e d  r o o t s  s i g n i f  i c a n t l y
h i g h e r  t h a n  t h o s e  o f  c o n t r o l s .
Tg Growth  r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
D u r in g  t h e  g e o t r o p i c  c u r v a t u r e  o f  r o o t s  t r e a t e d  
w i t h  10 p . p . m .  IT.M.S.P.  t h e  d e g r e e  o f  i n h i b i t i o n  on t h e  
c o n c a v e  s i d e s  was c o n s i d e r a b l y  l e s s  t h a n  t h a t  i n  c o n t r o l  
r o o t s .  At t h e  same t i m e ,  i n c r e a s e d  g r o w t h  t o o k  p l a c e  
on t h e  co n v e x  s i d e s  o f  t r e a t e d  r o o t s ,  com pared  w i t h  t h a t  
i n  c o n t r o l s .  T h e r e f o r e ,  i n  t r e a t e d  r o o t s ,  a l t h o u g h  t h e  
g r o w t h  r a t e s  o f  u p p e r  and lo w er  s i d e s  w h ich  w ere  r e s p o n s i b l e  
f o r  c u r v a t u r e  w ere  s i g n i f i c a n t l y  h i g h e r  t h a n  t h e  c o r r e s p ­
o n d in g  g ro w th  r a t e s  o f  c o n t r o l  r o o t s ,  t h e  maximum a n g l e
GRAPH 4 9 .  POSSIBIE I . A . A .  COHCEHTRATIOHS IH ROOTS DHRIHG GEOTROPIC
REACTION.
CONTROLS. — — - 1 0  p . p . m .  N .M .S .P .
<  TIPPER SIN ES.  
#
C u r v a tu r e  R e c o v e r y  S t r a i g h t
r o o t s •




P re-stim u lation  time Stimj Curvature R e c o v e r y  S t r a i g h t
TIME (2 0  mm. t o  1 h o u r )  r o o t s .
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r e a c h e d  hy  t h e  r o o t s  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  f ro m  
t h a t  o f  c o n t r o l s .
S S T im T K W  OF TUB I . A . A .  GQITTEImT OF TEE ROOTS.
The c o n t r o l s  as  f o r  100 and  30 p . p . m .  ÎT.M.S.P. ( A l l  c o n t r o l
r e s u l t s  f o r  t h e  t h r e e  M.TI.S.P. c o n c e n t r â t  i o n s  ' were  p o o l e d ) .  
I
10 p . p . m .  M .M .S .P . 
I n t e r v a l
UPPER SIDES.
T.
$  grovrt.h r a t e  ( com pared  w i t h  




T4 ,T g ,
10' p . p . m .  U .M .S .P . 







fo  g r o w t h  r a t e  (co m p a red  w i t h  






P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w t h .
- 3
1 10 p . p . m .
-4
10  p . p . m .  
-4
10 p . p . m .  
- 3
10  p . p . m .
P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w th .
- 3
10  p . p . m .  
—2
10 p . p . m .  
- 3
10  p@p.m. 
—4
10 p . p . m .  
- 3
10  p . p . m .
G raphs  49 and 49a' show t h e s e  v a r i a t i o n s  i n  t h e  
e s t i m a t e d  I . A . A .  c o n c e n t r a tL  ons w i t h  t i m e .
I f  t h e  p r e d i c t e d  I . A . A .  c o n c e n t r a t i o n s  a r e  c o r r e c t ,  
t h e  a c t i o n  o f  U . H . S . P .  seems a g a i n  t o  h a v e  b e e n  a  
n e u t r a l i z a t i o n  o r  b l o c k i n g  o f  t h e  a c t i o n  o f  some o f  t h e
I . A . A .  p r e s e n t  i n  t h e  r o o t s . The s f i e o t i v o  c o n c e n t r a t i o n  -
GRAPH 5 0 .  COMPARISON OP P O S S IB L E  I . A . A .  CONCENTRATl O m  m  ROOTS
WITH 1 0 0 ,  3 0  a n d  1 0  p . p . m .  N . M . S . P .


















L „ . J
N, 1 -n Ti 1 -k: 1
^ r e - s t i m u l a t i o n  tim e S t im j  C urvature R e c o v e r y S t r a i g h t  
r o o t s .
50a.POWER SIXES.
P r e - s t i m u l a t i o n  tim e .S t i m j  C urvature  
THE (20  mm. to  1 h ou r)
R e co v ery
r o o t s .
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I . 4 # A .  p r e s e n t  i n  t h e  r o o t s , The e f f e c t i v e  c o n c e n t r a t i o n  
a p p e a r e d  t o  h a v e  been  r e d u c e d  t o  a  s t i m u l a t o r y  l e v e l  on 
t h e  u p p e r  s i d e s  o f  t h e  t r e a t e d  r o o t s  d u r i n g  c u r v a t u r e ,
10 p . p . m .  N .M .S .P .  d i d  n o t  seem  t o  a n t a g o n i s e  t h e  I . A . A .  
a s  c o m p l e t e l y  as  30 o r  100 p . p . m .  T h e re  s t i l l  a p p e a r e d  
t o  be an i n h i b i t o r y  c o n c e n t r a t i o n  o f  I . A . A .  on t h e  lo w e r  
s i d e s  o f  t h e  r o o t s  d u r i n g  t h e  p e r i o d  o f  maximum c u r v a t u r e ,  
a l t h o u g h  t h e  o b s e r v e d  g r o w t h  i n h i b i t i o n  was more p r o b a b l y  
due t o  t h e  ch a n g ed  r e a c t i o n  o f  some s y s t e m  t o  t h e  amount 
o f  a u x i n  p r e s e n t  b e f o r e  c u r v a t u r e  began#
G raphs  5 0  and 5 0 a  show t h e  c o m p a r a t i v e  e f f e c t s  
o f  t h e  t h r e e  N .M .S .P .  c o n c e n t r a t i o n s  on  t h e  p o s s i b è è  
I . A . A .  c o n t e n t  o f  a  r o o t  d u r i n g  g e o t r o p i c  c u r v a t u r e .
I n  a  n o rm a l  g e o t r o p i c  r e a c t i o n  t h e  e s t i m a t e d  I .A .A .  
c o n c e n t r a t i o n  ap p e a ra c i to  become v e r y  i n h i b i t o r y  on t h e  
lo w er  s i d e  o f  t h e  r o o t .  I n  t r e a t e d  r o o t s  t h e r e  was a  
d e f i n i t e  t r e n d  f o r  t h e  p o s s i b l e  i n t e r n a l  I .A . A .  c o n c ­
e n t r a t i o n s  t o  d e c r e a s e  as  t h e  N .M .S .P .  c o n c e n t r a t i o n
i n c r e a s e d .  A l l  t h r e e  c o n c e n t r â t  io n s  c o u l d  s u c c e s s f u l l y
- 2
a n t a g o n i s e  t h e  a c t i o n  o f  10 p . p . m ,  I . A . A .  ad d ed  to  r o o t  
s e c t i o n s .  A d d i t i o n  o f  N .M .S .P .  t o  w ho le  r o o t s ,  w h ich  
w ere  g e o t r o p i c a l l y  s t i m u l a t e d ,  c a u s e d  i n c r e a s e d  g r o w th  
above  c o n t r o l  v a l u e  on b o t h  s i d e s  o f  t h e  r o o t s  and ,  
d e p e n d in g  on t h e  c o n c e n t r a t i o n ,  a f f e c t e d  t h e  d e g r e e  o f  
t h e  r e a c t i o n  t o  a  g r e a t e r  o r  l e s s e r  e x t e n t .  I n  w hole  
r o o t s ,  a u x i n  was b e i n g  p r o d u c e d  c o n t i n u a l l y  and  vhen  
t'T ' ' - r i th  10 o r  50 r o n .m .  N..,O.Ô .P .  some e f f e c t i v e
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t r e a t e d  w i t h  10 o r  30 p . p . m .  N .M .S .P .  some e f f e c t i v e  
I . A . A .  was a lw a y s  p r e s e n t  i n  t h e  r o o t s .  T h e r e f o r e ,  
w h e th e r  t h e  g e o t r o p i c  r e a c t i o n  was due to
1)  An i n c r e a s e  i n  a u x i n  c o n c e n t r a t i o n  on t h e  lo w er  s i d e  o f  
e a c h  r o o t ,  o r
2 )  An i n c r e a s e d  s e n s i t i v i t y  t o  a u x i n  o f  t h e  p r o t o p l a s m  o f  
t h e  c e l l s  o f  t h e  low er  s i d e  o f  e a c h  r o o t ,
when r o o t s  w ere  t r e a t e d  w i t h  10 o r  30 p . p . m .  .N.M.8 . P .  and  
g e o t r o p i c a l l y  s t i m u l a t e d  some d i f f e r e n t i a l  g r o w t h  to o k  
p l a c e  and  t h u s  c u r v a t u r e .  I n  10  p . p . m .  N .M .S .P .  q u i t e  
c o n s i d e r a b l e  g r o w t h  i n h i b i t i o n  o c c u r r e d  on t h e  low er  
s i d e s  o f  t h e  r o o t s .  I n  30 p . p . m .  N .M .S .P .  g r o iH h  was 
i n c r e a s e d  above  n o rm a l  e x c e p t  f o r  one p e r i o d  d u r i n g  
c u r v a t u r e  when a  s l i g h t l g r o w t h  i n h i b i t i o n  o c c u r r e d  on 
t h e  lo w e r  s i d e s  o f  t r e a t e d  r o o t s .
A p p l i c a t i o n  o f  100 p . p . m .  N .M .S .P .  t o  r o o t s  r e s u l t e d  
i n  no g e o t r o p i c  c u r v a t u r e  and  y e t  grovrbh was n o t  i n h i b i t e d .  
T h e r e f o r e  i t  seem ed  t h a t  t h i s  c o n c e n t r a t i o n  s u c c e s s f u l l y  
a n t a g o n i s e d  a l l  o r  m os t  o f  t h e  a u x i n  p r o d u c e d  i n  t h e  
r o o t s ,  r e d u c i n g  t h e  c o n c e n t r a t i o n  t o  a  s u b - o p t i m a l  l e v e l .
N .M .S .P .  had  an o v e r a l l  a n t a g o n i s t i c  e f f e c t  on 
t h e  a , c t i v i t y  o f  t h e  hormone p r e s e n t  i n  p e a  r o o t s .  The 
e f f e c t i v e  hormone c o n c e n t r a t i o n  i n  t h e  g e o t r o p i c a l l y  
a c t i t e  zone was d e c r e a s e d .  The r e m a i n i n g  horm one i n  
r o o t s  t r e a t e d  w i t h  t h e  lo w er  N .M .S .P .  c o n c e n t r a t i o n s  was 
e i t h e r  d i f f e r e n t i a l l y  d i s t r i b u t e d , ( n o t  r e d i s t r i b u t e d ) ,  o r
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i t s  e f f e c t  on t h e  growth, o f  t h e  low er  s i d e s  was i n c r e a s e d  
due to  some ch an g e  i n  t h e  p r o t o p l a s m  r e s u l t i n g  f ro m  
g r a v i t a t i o n a l  s t i m u l a t i o n .  R o o t s  t r e a t e d  w i t h  a  h i g h  
c o n c e n t r a t i o n  o f  a n t a g o n i s t  a p p e a r e d  t o  c o n t a i n  i n s u f f i c i e n t  
hormone t o  c a u s e  a n y  d i f f e r e n t i a l  g r o w t h  r e s p o n s e  t o  t h e  
s t i m u l u s  o f  g r a v i t y .
GIAPH 5 1 .  GEOTIOPIG CURVATURE IN 1 0 0 T8 THSATED WITH 3x10  
PLOS 50 p .p .m . IT.M .S .P . (mean v a l u e s )
COITT'HOIS . 
—2
1 S ta n d a rd  D e v ia t io n  p l o t t e d  a t  p o in t  o f
maximum c u r v a t u r e .
__(3x10 p .p .m .  2 , 4 - D .  




i  : i l [ i ! f i i i !■ 'i'i ; '
4 o fo
TIME IM HOURS .
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MIXTTJTŒS 0 ?  HORMQME MU) AMTAGQITIST.
1 ,
1 ) 2 , 4 - D .  p l u s  M .H .S .P ,
- 2
3x10 p . p . m .  2 , 4 - D .  and  30 p . p . m .  I I .M .S .P .  w ere  t h e  
c o n c e n t r a t i o n s  c h o s e n  f o r  t h e s e  g e o t r o p i c  e x p e r i m e n t s .
I n  r o o t  s e c t i o n  gro^/hsh, 30 p . p . m .  M .M .S .P .  c a u s e d  t h e  
g r e a t e s t  r e m o v a l  o f  2 , 4 - D .  i n h i b i t i o n .
T h re e  r e p l i c a t e  g e o t r o p i c  e x p e r i m e n t s  w e re  c a r r i e d  
o u t  w i t h  t h e  m i x t u r e s ,  e a c h  w i t h  a  s e t  o f  r o o t s  i n  g l a s s  
d i s t i l l e d  w a t e r  t o  s e r v a  as  c o n t r o l s .
The mean c u r v a t u r e  r e s u l t i n g  f r o m  t h e  a p p l i c a t i o n  
—2
o f  3x10 p . p . m .  2 , 4 - D .  p l u s  30 p . p . m .  M .M .S .P .  i s  shown 
i n  g r a p h  51 t o g e t h e r  w i t h  t h e  s t a n d a r d  d e v i a t i o n  a t  t h e  
maximum a n g l e  f o r  p u r p o s e s  o f  c o m p a r i s o n  w i t h  c o n t r o l s .  
RESULTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  on pages
C u r v a t u r e  began  a t  t h e  same t i m e  i n  t r e a t e d  and 
c o n t r o l  r o o t s .
The maximum a n g l e  was r e a c h e d  ajr a p p r o x i m a t e l y  t h e  
same t i m e  i n  b o t h  s e t s  o f  r o o t s .
The mean ma.ximum single  o f  r o o t s  i n  t h e  m i x t u r e  d i d  
n o t  d i f f e r A s i g n i f i c a n t l y  f r o m  t h a t  o f  c o n t r o l s .  I n  e a c h  
o f  t h e  t h r e e  e x p e r i m e n t s ,  h o w e v e r , t h e  mean maximum a n g l e  
o f  r o o t s  i n  t h e  m i x t u r e  was a lw ays  somewhat lo w er  t h a n
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t h a t  o f  t h e  c o n t r o l s .
The r e d u c e d  c u r v a t u r e  and i n c r e a s e d  t im e  b e f o r e
c u r v a t u r e  was d e t e c t a b l e ,  w h ich  were  fo u n d  i n  r o o t s  i n  
-2
3x10 p . p . m .  2 , 4 - D .  a l o n e ,  d i d  n o t  o c c u r  i n  r o o t s  i n  
t h e  m i x t u r e .  M .M .S .P .  p r e v e n t e d  t h e  i n h i b i t o r y  e f f e c t  o f  
2 , 4 - D .  t o  s u c h  an  e x t e n t  t h a t  t h e  g eo t io  p i c  r e a c t i o n  
a p p e a r e d  t o  be n o r m a l .
GROWTH DURIMG THE GEOTROPIC REACTIOH.
An a n a l y s i s  o f  v a r i a n c e  was c a r r i e d  o u t  on t h e  
g r o w th  r a t e s ,  o v e r  t h e  s i x  t im e  i n t e r v a l s ,  o f  t h e  u p p e r  
and lo w e r  s i d e s  o f  r o o t s  i n  3x10 p . p . m .  2 , 4 - D .  a l o n e ,
3x10 p . p . m .  2 , 4 - D .  p l u s  30 p . p . m .  H .M .S .P .  and c o n t r o l s .  
D e t a i l e d  r e s u t l s  o f  g ro w th  r a t e s  a r e  g i v e n  on p a g e s  2 2 6 -3 0  
i n  t h e  a p p e n d i x .
V a r i a n c e  t a b l e .
S o u r c e  o f  
v a r i a n c e .
Sum o f  
S q u a r e s .
D eg ree s  o f  
F re e d o m .
Mean S q u a r e . P
T 108777 3 . 0 5 2 1 7 5 5 4 .6
E 289137 .9 2 1 4 4 5 6 8 .9
S 3 3 4 8 .4 1 3 3 4 8 .4
TxE 17 6 4 6 8 .4 10 17 6 4 6 .8 O.lfo
TxS 2 1 0 5 1 3 .6 5 42102 .7 O.lfo
1 5 4 1 .5 od 7 7 0 . 8
TxExS 1 6 4 8 1 .3 10 1 6 4 8 .1
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V arian ce  tal>Xe (c o n tin u e d )
S o u rc e  o f  
v a r i a n c e .
Sum o f  
S q u a r e s  •
D eg ree s  o f  
F re e d o m .
Mean S q u a r e . P .
R e s i d u a l
v a r i a n c e 1 2 2 1 5 2 3 .9 1116 1 0 9 4 .6
Lumped 
r e s i d u a l  
: v a r i a n c e . 1 2 3 8 0 0 5 .2 1126 1 0 9 9 .5
T— Time ( T ^ ^ T ^ e t c . )
E — T r e a tm e n t  ( 2 ,4 -1 ) .  p l u s  F . M . S . P . ,  2 , 4 - E  a l o n e ,  g l a s s  
d i s t i l l e d  w a t e r . )
S — S i d e  ( u p p e r  or  l o w e r ) .
The i n t e r a c t i o n  o f  t r e a t m e n t  w i t h  t im e  and t im e  w i t h  
s i d e  w ere  v e r y  s i g n i f i c a n t .
G raphs  5 2 ,  53 and  5 3 a  "bring o u t  t h e  s i g n i f i c a n t  
d i f f e r e n c e s  b e tw e e n  t h e  t r e a t m e n t s  i n  t h e s e  e x p e r i m e n t s .  
L . S . E s ,  a t  t h e  5^ & l e v e l  a r e  p l o t t e d  f o r  c o m p a r i s o n  o f  t h e  
mean g rov / th  r a t e s .  ( S e e  ,
—2
Growth, o f  r o o t s  i n  3x10  p . p . m .  2 ,4 - D  a l o n e  h a s  
a l r e a d y  t e e n  d e s c r i b e d . ( S e e  p a g e s  9 7 ,  9 8 ,  99 and  1 0 0 ) .
At a l l  t i m e s  d u r i n g  t h e  g e o t r o p i c  r e a c t i o n ,  g r o w t h  r a t e s  
o f  b o t h  u p p e r  and  low er  s i d e s  o f  t h e  r o o t s  w ere  low er  







GRAPH 52. mAH GRO\fTH RATES OP UPPER AHD LOVER SID3S OP ROOTS
TREATED WITH 3 x lO “^ P .P .m .  2 , 4 - D .  PIUS 5 0  p . p . m. H .M .S .P .
 ------------------------------------------------ ~  "f
X— Upper s i d e s .
i-:.-
i  — —  Lower s i d e s .
-  - r '  W m
S |E ^ 4 h- -
ffi
P r e - s t i m u l a t i o n  t i m e p t i m .  C u r v a t u r e  R e c o v e r y
TIME (2 0  mm. t o  1 h o u r )
s t r a i g h t














GRAPH 52. MEAN GROOTH RATES OP UPPER AND LOVÆR SIPES OP ROOTS
GRAPH 5 3 .  MEAN G-OWTH RATES OP UPPER SIDES OP ROOTS TREATED WITH 
3 x I 0 ”S . p . m .  2 , 4 - D .  PLUS 3 0  p .p .m .  H .M .8 .P .  COMPARED 
WITH THOSE OP COHTROIS ..AND ROOTS TREATED WITH 3 x I 0 " ^ p .p .m .  
2 , 4  -2E). ALONE .
 CONTROIS .
=2
 —^ 3x10 p . p.m. 2 ,4-D. a lone .
••2
 (3 x 1 0  p .p .m .  2 , 4 - D . ) i
* (30 p .p . m .  N .M .S .P .  )
fT>cVî»r
1
(U\6 ' TC»C^- J







l i i t e s i f j
f i t g ’
C u r v a tu r e  R e c o v e r yS t im .^ P re-stim ulation  time
TIME (20 mm. to 1 hour)
S tra ig h t
r o o ts .
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C o m p ar iso n  o f  t h e  mean g r o w t h  r a t e s  o f  UPPER and  LOWER
^2 ~  '
SIXES o f  r o o t s  i n  5x10 p . p . m .  2 , 4 - D .  p l u s  30 p . p . m .  H . K . S . P .
G raph  5 2 .






Growth  r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  
Growth  r a t e  o f  u p p e r  s i d e s  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  o f  low er  s i d e s .
Growth  r a t e  o f  u p p e r  s i d e s  v e r y  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  o f  lo w e r  s i d e s .
G row th  r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  
Growth  r à t e  o f  u p p e r  s i d e s  s i g n i f i c a n t l y  
lo w e r  t h a n  t h a t  o f  low er  s i d e s .
G row th  r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
The h i g h e r  r a t e  o f  g r o w t h ,  d u r i n g  Tg and  T^ on 
t h e  u p p e r  s i d e s  o f  t h e  r o o t s  a c c o u n t e d  f o r  c u r v a t u r e .  
C o m p ar iso n  o f  t h e  mean g r o w t h  r a t e s  o f  UPPER SIDES o f  r o o t s  
i n  m i x t u r e  w i t h  r a t e s  o f  UPEER SIXES o f  c o n t r o l s  .G ra p h  5 3 .  
iMt e r v a l
T^ Growth  r a t e  i n  m i x t u r e  s i g n i f i c a n t l y  1
lo w e r  t h a n  t h a t  o f  c o n t r o l s
Tg Growth r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
T,  ^ Growth  r a t e  o f  t r e a t e d  r o o t s  s i g n i f i c m t l y
h i g h e r  t h a n  t h a t  o f  c o n t r o l s .
T^ Growth  r a t e  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y
h i g h e r  t h a n  t h a t  o f  c o n t r o l s .
GRAPH 53a. MEAN GROWTH RATES OF LQVJER SIDES OP HOOTS gXEATED WITH
3xlO"^p.p.m. 2 .4 -P . AIGNE. 3xlQ*‘^ p.U~.mr2~.4!-D. PLUS
30  p .p .m .  N . H .S .P .  AND C0NTR0I8.
CONTROLS.
 3 x 1 0  p .p .m .  2 , 4 - D .  a l o n e .
I b.cVi^ £c>ifv *o^ ,^ 4i)oX
L i b  : ■ - H i i h . i 4 t
U'#:#mill
3 r e - s t i m u l a t i o n  t im e  |s t im . |  C u rv a tu r e  | R e c o v e r y
TIME (2 0  mm. t o  1 h o u r )
S t r a ig h -  
r o o t s  .
«4. ^
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UPPER SUES (c o n tin u e d )
I n t e r v a l
G row th  r a t e  o f  r o o t s  i n  m i x t u r e  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  o f  c o n t r o l s
Growth  r a t e  o f  r o o t s  i n  m i x t u r e  s i g n i f i c a n t l y  
lo w e r  t h a n  t h a t  o f  c o n t r o l s .
C o m p ar iso n  o f  t h e  mean g ro v / th  r a t e s  o f  LOWER SIDES Of R o o t s  
i n  m i x t u r e  w i t h  r a t e s  o f  LOWER S I IE o  o f  c o n t r o l s  .G ra p h  5 3 a .  
I n t e r v a l
g r o w t h  r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
( G row th  r a t e s  o f  t r e a t e d  r o o t s  on v e r g e  o# 
b e i n g  s i g n i f i c a n t l y  lo w e r  t h a n  c o n t r o l s ) .
Tg Grovrfch r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
(G row th  r a t e s  o f  t r e a t e d  r o o t s  on v e r g e  o f  
b e i n g  s i g n i f i c a n t l y  h i g h e r  t h a n  c o n t r o l s ) .
T ^ fT 4 ,Tg Growth  r a t e s  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t b o f  c o n t r o l s  
Growth r a t e  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y  
lo w er  t h a n  t h a t  o f  c o n t r o l s .
T h ro u g h o u t  t h e  t i m e  d u r i n g  w h ic h  maximum c u r v a t u r e  
and  r e c o v e r y  t o o k  p l a c e , ( T g , T ^  and T ^ ) ,  g r o w t h  o f  r o o t s  
i n  t h e  m i x t u r e  wa,s s i g n i f  i c a n t l y  g r e a t e r  on b o t h  s i d e s  o f  
t h e  r o o t s  t h a n  i n  c o n t r o l s . D u r in g  T^, on t h e  u p p e r  s i d e s ,  
w h ere  t h e  g r o w t h  r a t e  i n  t h e  c o n t r o l  r o o t s  d ro p p e d  as  
u s u a l ,  t h e  r a t e  i n  t h e  t r e a t e d  r o o t s  o n l y  d ro p p e d  s l i g h t l y  
and  n e v e r  f e l l  be lo w  t h i s  v a l u e .  On t h e  lo w er  s i d e s  o f
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t r e a t e d  r o o t s  t h e  g rovr th  r a t e  r o s e  q u i t e  c o n s i d e r a b l y  
d u r i n g  and f e l l  d u r i n g  T5 , b u t  n e v e r  d r o p p e d  as  low 
as  t h e  c o n t r o l  g rovrth  r a t e  d u r i n g  t h e  p e r i o d  o f  maximum 
c u r v a t u r e .
C o m p ar iso n  o f  t h e  mean g r o w t h  r a t e s  o f  UPPER SIDES o f  r o o t s  
i n  t h e  m i x t u r e  w i t h  r a . t e s  o f  UPPER SIDES i n  2 . 4 - D  a l o n e .  
Gra.ph 5 3 .
I n t e r v a l  
Tn Growth  r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
3*-"4 Growth  r a t e s  o f  r o o t s  i n  m i x t u r e  v e r y  
s i g n i f i c a i  t l y  h i g h e r  t h a n  i n  2 , 4 - D . a l o n e .  
C o m p a r i s o n ^ o f  t h e  mean g r o w t h  r a t e s  o f  LQV/ER SIDES o f  r o o t s  
i n  t h e  m i x t u r e  w i t h  r a t e s  o f  LOWER SIDES i n  2 , 4 - D .  a l o n e . 
G raph  5 3 a .
I n t e r v a l  
Tn g r o w t h  r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
Growth r a t e s  o f  r o o t s  i n  m i x t u r e  v e r y  
s i g n i f  i c a n t l y  h i g h e r  t h a n  i n  2 ,4 - D ,  a . lone .
D u r in g  t h e  p r e - s t i m u l a t i o n  p e r i o d  o f  3 h o u r s  t h e  
mean g r o w t h  r a t e s  i n  2 , 4 - D .  a l o n e  and t h e  m i x t u r e  w ere  
a l m o s t  i d e n t i c a l .  2 , 4 - D .  m us t  h a v e  p e n e t r a t e d  t h e  r o o t s  
f i r s t  and c a u s e d  an  i n i t i a l  g r o w t h  i n i h i b i t i o n ,  t h i s  
a c t i o n  b e i n g  l a t e r  a n t a g o n i s e d  b y  H .M .S .P .  i n  t h e  
" m i x t u r e "  r o o t s  \d ie r e  g r o w t h  became f a i r l y  n o rm a l  a f t e r  
t h e  f i r s t  3 h o u r s .  T h e r e f o r e ,  NT .M .S .P .  M D n o t  p r e v e n t
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t h e  i n h i b i t o r y  a c t i o n  o f  2 , 4 - D .  m e r e l y  by  p r e v e n t i n g  t h e  
horm one f r o m  e n t e r i n g  t h e  r o o t s  o r  g a i n i n g  a c c e s s  t o  t h e  
g r o w t h  s y s t e m .
D u r i n g ,  and  a f t e r ,  g r a v i t a t i o n a l  s t i m u l a t i o n ,  gro\-rbh on 
b o t h  s i d e s  o f  r o o t s  i n  t h e  m i x t u r e  was c o n s i d e r a b l y  
h i g h e r  t h a  i n  r o o t s  i n  2 , 4 - D .  a l o n e .  The f a t t  t h a t  
t h r o u g h o u t  t h e  g r e a t e r  p a r t  o f  t h e  e x p e r i m e n t s  s u b s e q u e n t  
t o  s t i m u l a t i o n ,  g r o w th  o f  t h e  " m i x t u r e "  r o o t s  wes h i g h e r  
t h a n  t h a t  o f  c o n t r o l s  s u g g e s t s  t h a t  t h e  ad d e d  N .M .S .P .  
h a d  a n t a g o n i s e d  some o f  t h e  n a t u r a l  hormone i n  t h e  r o o t s  
a s  w e à l  as  t h e  2 , 4 - D .
T h e r e f o r e ,  IT.M.S.P. p r e v e n t e d ,  i n  some way,  t h e  
-2
a c t i o n  o f  3x10 p . p . m .  2 ,4 - D ,  so  t h a t  t h e  t r e a t e d  r o o t s  
a p p e a r e d  t o  g row  f a i r l y  n o r m a l l y  and  r e a c t  t o  t h e  s t i m u l u s  
o f  g r a v i t y  i n  a  s i m i l a r  way t o  c o n t r o l s .
GRAPH 5 4 . GEOTROPIC CURVATllRE IN ROOTS T:^ATED WITH 10 p .p .m . I .A .A .
PLUS 50 p .p .m . N .M .S.P . (mean v a l u e s )
4 ■ ■ ■ ■ ‘"*1 ' \ . r:, ■ - —)
-CONTROLS .
- -^ « ( lO '^ ^ p .p .m .  I .A ;A .
(30 p .p .m . N .M .S.P.
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2) I .A .A . Plus F .M .S .P .
A f t e r  c a r r y i n g  o u t  g e o t r o p i c  e x p e r i m e n t s  w i t h
10 p . p . m .  I . A . A .  a l o n e ,  t h e  e f f e c t  o f  a  i r d x tu r e  o f  
—2
10 p . p . m .  I . A . A .  and 30 p . p . m .  N.M. 8 .P .  was i n v e s t i g a t e d .  
T h re e  r e p l i c a t e  e x p e r i m e n t s ,  u s i n g  t h i s  m i x t u r e ,  w ere  
c a r r i e d  o u t ,  e a c h  w i t h  a  s e t  o f  c o n t r o l  r o o t s  i n  g l a s s  
d i s t i l l e d  w a t e r .
G raph  54 i s  t y p i c a l  o f  g e o t r o p i c  c u r v a t u r e  o f  r o o t s  
i n  t h e s e  e x p e r i m e n t s .
RESULTS.
D e t a i l e d  r e s u l t s  a r e  g i v e n  i n  t h e  a p p e n d i x  on p a g e s  ^31,"Sà.
C u rv a . tu re  b eg a n  a t  a b o u t  t h e  same t im e  i n  c o n t r o l  
and  t r e a t e d  r o o t s .
The r a t e  o f  c u r v a t u r e  o f  r o o t s  i n  t h e  m i x t u r e  was 
somewhat s l o w e r  t h a n  i n  c o n t r o l s ,  r e s u l t i n g  i n  a  s m a l l e r  
mean ma.ximum a n g l e .  Due t o  v a r i a t i o n s  i n  t h e  r e a c t i o n  
o f  t h e  r o o t s  t h e  d i f f e r e n c e  b e tw e en  t h e  maximum a n g l e  
r e a c h e d  by  c o n t r o l  and t r e a t e d  r o o t s  was n o t  s i g n i f i c a n t .
‘2
I f  t h e s e  r e s u l t s  a r e  com pared  w i t h  t h o s e  f o r  
10 p . p . m .  I . A . A .  a l o n e , ( s e e  page  1 0 6 ) ,  i t  w i l l  be s e e n  
t h a t  N .M .S .P .  h a d  a n t a g o n i s e d  t h e  i n h i b i t o r y  e f f e c t  o f  
I . A . A .  r e s u l t i n g  i n  much i n c r e a s e d  c u r v a t u r e  o f  t h e  
r o o t s  i n  t h e  m i x t u r e .
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GROWTH DURING THE GEOTROPIC REACTION,
An a n a l y s i s !  o f  v a r i a n c e  was c a r r i e d  o u t  on t h e
r e s u l t s  o f  growt,h r a t e s  o v e r  t h e  s i x  t im e  i n t e r v a l s  o f
u p p e r  and lo w e r  s i d e s  o f  r o o t s  t r e a t e d  w i t h  10  p . p . m .
—2
I . A . A .  a l o n e ,  10 p . p . m .  I . A . A .  p l u s  30 p . p . m .  N .M .S .P .  
and  c o n t r o l s .
D e t a i l e d  r e s u l t s  o f  g ro w t h  r a t e s  a r e  g i v e n  i n  t h e  a p p e n d i x  
on pages  
V a r i a n c e  t a b l e .
S o u r c e  o f  
v a r i a n c e .
Sum o f  
S q u a r e s ,
D eg ree s  o f  
F reed o m .
Mean S q u a r e . P .
T 6 2 1 0 8 1 .5 5 1 2 4 2 1 6 .3
E 6 7 1 4 1 1 .5 2 3 3 5 7 0 5 .8
S 2 7 2 2 .5 1 2 7 2 2 .5
■ TxE 1 3 6 5 0 4 .5 10 13 6 50 .5
TxS 1 5 1 6 6 4 .5 5 30 3 32 .5
SxS 1 2 7 .5 2 6 3 . 8
TxExS 2 8 7 0 2 .5 10 2 8 7 0 .3 O.lfo
R e s i d u a l
v a r i a n c e 1 9 3 3 3 1 4 .0 1116 8 3 6 . 3
T— Time (T ^ ,T ^  e t c . )
E — T r e a t m e n t  ( I . A . A .  a l o n e ,  I .A .A .  p l u s  N . H . S . P .  g l a s s  
d i s t i l l e d  w a t e r ) .
S — S i d e  ( u p p e r  o r  l o w e r ) .
The i n t e r a c t i o n  o f  a l l  t h r e e  f a c t o r s  was h i g h l y  
s i g n i f i c a n t .  Graphs  5 5 ,  56 an& 5 6 a  show t h e  d i f f e r e n c e s
GRAPH 55. >!EAH GROWTH RATES OF UPPER AITD LOWER SIDES OP ROOTS




U. / I : :
I . X , , — T - —  —
^ ( —T-Upper s i d e s .
-ÎL 1 4
—L r I o w e r _ s id e s .
..1
: i '4 jlH" : : iirjiij. \ # # # #
m'j*
  —— - —'—    "  '—
C u r v a tu r e  R e c o v e r y
TIME (20 mm. to 1 hour)
Straighi
r o o ts •
150
i n  g r o w t h  r a t e s  c a u s e d  b y  t h e  v a r i o u s  t r e a t m e n t s .
L . S . D s .  a t  t h e  5Ço l e v e l  b e tw e e n  t h e  g ro w t h  r a t e s  a r e  a l s o  
p l o t t e d  t o  b r i n g  o u t  s i g n i f i c a n t  d i f f e r e n c e s .
T h ro u g h o u t  t h e  e x p e r i m e n t s ,  g r o w th  r a t e s  o f  t h e
—2
u p p e r  and lo w er  s i d e s  o f  r o o t s  i n  10 p . p . m .  I .A .A .  
a l o n e  d i d  n o t  d i f f e r  s i g n i f i c a n t l y ,  d u r i n g  t h e  same 
t im e  i n t e r v a l ,  e x c e p t  d u r i n g  t h e  i n i t i a l  s t a g e ,  o f  
c u r v a t u r e  when g ro w th  o f  t i  e u p p e r  s i d e s  was j u s t  s i g ­
n i f i c a n t l y  g r e a t e r  t h a n  t h a t  o f  t h e  lo w er  s i d e s .  (See  
p a g e s  107 and  1 0 8 ) .
C o m p ar iso n  o f  t h e  mean g ro w t h  r a t e s  o f  UPPER and  LOWER SITES
—2
o f  r o o t s  t r e a t e d  w i t h  10 p . p . m . I . A . A .  p l u s  5 0 p .p .m .N .M .S  . P .  
G raph  5 5 .




Growth r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  
G row th  r a t e  o f  u p p e r  s i d e s  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  o f  lo w er  s i d e s .
Growth r a t e  o f  u p p e r  s i d e s  v e r y  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  o f  lo w er  s i d e s .
Grovrbh r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  
Growth r a t e  o f  u p p e r  s i d e s  s i g n i f i c a n t l y  
low er  t h a n  t h a t  o f  lo w er  s i d e s .
Groivrfch r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
GRAPH 5 6 .  HEAW GPOl'ATH RATES OP UPPER SICT'.S OP ROOTS TREATED WITH
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C o m p ar iso n  o f  t h e  mean g r o w t h  r a t e s  o f  UPPER SIDES o f  r o o t s  
i n  t h e  m i x t u r e  w i t h  r a t e s o f  UPPER SIDES of  c o n t r o l s  . G raph  56 
I n t e r v a l .
G rowth  r a t e  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y
lo w er  t h a n  t h a t  o f  c o n t r o l s .
Tg Growth  r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
G rowth  r a t e  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y
h i g h e r  ( j u s t )  t h a n  t h a t  o f  c o n t r o l s .
) Growth  r a t e  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y  
^6 ) h i g h e r  t h a n  t h a t  o f  c o n t r o l s .
C o m p ar iso n  o f  t h e  mean g r o w t h  r a t e s  o f  LOWER SIDES o f  r o o t s 
i n  t h e  m i x t u r e  w i t h  r a t e s  o f  LO'WER SIDES o f  c o n t r o l s  . G raph  5 6 a  
I n t e r v a l .
Growrth r a t e  o f  t r e a t e d  r o o t s  s i g n i f  i c a n t l y  
lo w e r  t h a n  t h a t  o f  c o n t r o l s  
Tg Groi-rbh r a t e s  n o t  s i g n i f  i c a n t l y  d i f f e r e n t .
Tr. Growt,h r a t e  o f  t r e a t e d  r o o t s r  v e r y  s i g n i f i c a n t l yo
h i g h e r  t h a n  t h a t  o f  c o n t r o l s .
T^ ,T^ Growth  r a t e  o f  t r e a t e d  r o o t s  s i g n i f i c a n t l y
h i g h e r  t h a n  t h a t  o f  c o n t r o l s .
Tg Gro^vth r a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .
P r e - s t i m u l a t i o n  g r o w t h  on t h e  u p p e r  and low er  s i d e s
o f  r o o t s  i n  t h e  m i x t u r e  was low er  t h a n  t h a t  o f  c o n t r o l s ,
-2
a l t h o u g h  i t  was h i g h e r  t h a n  t h a t  i n  10 p . p . m .  I .A .A .  
a l o n e .  P r e s u m a b l y  I . A . A .  e n t e r e d  t h e  r o o t s  f i r s t  c a u s i n g  
some grovr th  i n h i b i t i o n  b e f o r e  N . H . S . P .  b eg a n  t o  a c t  and
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a n t a g o n i s e  t h e  a c t i o n  o f  I .A . A .  • As w i t h  2 , 4 - D ,  t l i i s  
low  grovrfch r a t e , a t  f i r s t ,  i n d i c a t e d  t h a t  N .M .S .P .  d i d !  
n o t  m e r e l y  p r e v e n t  t h e  I . A . A .  f ro m  g a i n i n g  a c c e s s  t o  t h e  
g r o w t h  s y s t e m  w i t h i n  t h e  r o o t s .  The i n t e r a c t i o n  b e tw e e n  
N .M .S .P .  and  I . A . A .  m us t  h av e  t a k e n  p l a c e  i n  t h e  c e l l s  o f  
t h e  r o o t s .
A f t e r  t h i s  i n i t i a l l j ^  low g ro w th  r a t e ,  t h e  g rov / th  o f  
t h e  u p p e r  s i d e s  o f  r o o t s  i n  t h e  m i x t u r e  f o l l o w e d  t h e  same 
c o u r s e  as  i n  a  c o n t r o l  r e a c t i o n ,  a l t h o u g h  d u r i n g  a u t o t r o p i s m  
grovrfch was s i g n i f i c a n t l y  h i g h e r  t h a n  i n  c o n t r o l s .  A ls o  
d u r i n g  T^ g r o w t h  d i d  n o t  d e c r e a s e  as  much i n  t r e a t e d  r o o t s  
a s  i n  c o n t r o l s .
On t h e  lo w e r  s i d e s  o f  r o o t s  i n  t h e  m i x t u r e ,  g r o w th  
wa,8 v e r y  d i f f e r e n t  f r o m  t h a t  o f  c o n t r o l s  d u r i n g  c u r v a t u r e  
and r e c o v e r y .  I n s t e a d  o f  t h e  grovrfch r a t e  d e c r e a s i n g ,  as  
i n  c o n t r o l s ,  i t  r e m a i n e d  f a i r l y  s t e a d y  d u r i n g  t h e  p e r i o d  
o f  c u r v a t u r e  and  t h e n  r o s e ,  as  i t  d i d  i n  c o n t r o l s ,  v;hen 
r e c o v e r y  b e g a n .  D u r in g  a u t o t r o p i s m ,  h o w e v e r ,  t h e  g r o w t h  
r a t e s  o f  t h e  lov;er  s i d e s  o f  t r e a t e d  r o o t s  w ere  s i g n i f  i c a n t l y  
g r e a f e r  t h a n  t h o s e  o f  c o n t r o l s .
C o m p ar iso n  o f  t h e  mean g rov j th  r a t e s  o f  UPPER SIDES i n  
—2
10 p . p . m . I . A . A .  a l o n e  and  r a t e s  o f  UPPER SIDES î î î  m i x t u r e . 
G raph  5 6 .
I n t e r v a l .
*^ 1 ^  ^2  ^  ^3 *T ^ , T ^ , T g .  At a l l  t i m e s ,  t h r o u g h o u t  t h e  e x p e r i m e n t s ,
g ro v / th  i n  t h e  m i x t u r e  v/as v e r y  s i g n i f i c a n t l y  
g r e a t e r  t h a n  i n  I . A . A .  a l o n e .
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CoiTiparison o f  t h e  mean groi\rbh r a t e s  o f  LOIVER SIDES i n__
—2
10  p . p . m .  I . A . A .  a l o n e  and  r a t e s  o f  DOWER SIDES i n  m i x t u r e  
G raph  5 6 a .
I n t e r v a l .
Tn ,T g ,T r r ) Grovrfch r a t e  o f  r o o t s  i n  m i x t u r e  v e r y
t ; , t ,T ^ )
^ s i g n i f  i c a n t l y  h i g h e r  t h a n  i n  I . A . A .  a l o n e .
T h e r e f o r e  N .M .S .P .  h a d  a n t a g o n i s e d  t h e  i n h i b i t o r y  
—2
e f f e c t  o f  10 p . p . m .  I . A . A . ,  v r i th  t h e  r e s u l t  t h a t  r o o t s
—2
i n  a  m i x t u r e  o f  10 p . p . m .  I  .A . A. p l u s  30 p . p . m .  N .M .S .P .  
b e h a v e d  i n  a l m o s t  t h e  same way as  n o rm a l  c o n t r o l  r o o t s ,  
a f t e r  t h e  i n i t i a l  3 h o u r  p e r i o d .
ESTIMATION OP THE I . A . A .  CONTENT OF THE ROOTS.
S i n c e  N .M .S .P .  r e a c t e d  w i t h  I . A . A . , t h e  p o s s i b l e  
a u x i n  c o n c e n t r a t i o n s  i n  c o n t r o l s  anfl r o o t s  i n  t h e  m ix tu ire  
w ere  w orked  o u t .
CONTROIS . UPPER SIDES.
I n t e r v a l .
T . , Tl '" 2
Tc
% g ro v / th  r a t e  (com pared  v / i t h  






P o s s i b l e  I . A . A ,  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g ro v / th .  
- 3
10  p .p .m #  
-3
6 x 10  p . p . m ,  
- 3
6x 10  p . p . m .  
- 3
4x10 p . p . m ,  
-3
a b o u t  4x10  p . p . m .
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COITTROIS. LOI'ÆR SIIŒ S .
I n t e r v a l . fo g ro v / th  r a t e  (co m p a red  w i t h  
u n s t i m u l a t e d  c o n t r o l s ) .
P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  g r o w t h .  
- 3
h 100 10 p . p . m .  - 3
^2 54 6x 10  p . p . m .  
—2
^3 12 6 x10  p . p . m .  - 3
^4 71 4x10 p . p . m .  - 3
T5>^6 100 10  p . p . m .
-2
10  u .P#m, I . A . A .  p l u s  50  p . p . m .  N .H .S . P .  UPPER SIDES.
io g r o w t h  r a t e  (com pared  w i t h  
u n s t i m u l a t e d  c o n t r o l s ) .







10  p . p . m i  I . A . A .  | ) l u s  30 p . p . m .  N .M .S .P .  SIXES.





P o s s i b l e  I .A .A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  grovrfch. 
-3
6x 10  p . p . m .
-3
10  o . p . m .
- 3
4x10 p . p . m .
- 3
10  p . p . m .
T i , T ê
^3
% g rov / th  r a t e  (com pared  w i t h  




P o s s i b l e  I . A . A .  
c o n c .  r e s p o n s i b l e  
f o r  t h i s  grovrfch. 
- 3
7x10 p . p . m .
—2
10 p . p . m .
-3
10  p . p . m .
Grpphs 57 and  5 7 a  shov; t h e s e  p o s s i b l e  I . A . A .  c o n c ­
e n t r a t i o n s  i n  c o n t r o l s  and  r o o t s  i n  t h e  m i x t u r e .  o o « r
' t o r  ^rc\pV yJ^ .
GRAPH 57 . POSSIBLE I .A .A .  CONCENTRATIONS IN ROOTS DURING GEOTROPIC
REACTION.
CONTROLS. -2—------ 10 p .p .m .  I . A . A .  p lu s  30  p .p .m .N .M .S  .P .
UPPER  ^ SIDES.
on t im e S t r a i g h t  .p. : 11;,.;
i i 4 | - i r ! î !
P r e - s t i R e c o v e r y
# Î r o o t s .
S t im  y C u rv a tu re
/tLOWER SIDES 4 ;iî|
:::
P r e - s t i m u l a t i o n  t im e  (S tim .| C u rv a tu re  R e c o v e r y  
TIME (2 0  ram. t o  1 h o u r )
S t r a ig h t
r o o t s .
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A c o m p a r i s o n  o f  t h e  p o s s i b l e  a u x i n  c o n c e n t r a t i o n s  
i n  t h e  r o o t s  t r e a t e d  w i t h  t h e  m i x t u r e  w i t h  t h o s e  o f  c o n t r o l  
r o o t s  showed t h a t ,  a t  f i r  a t ,  an i n h i b i t o r y  I . A . A .  c o n c ­
e n t r a t i o n  a p p e a r e d  t o  be p r e s e n t  i n  t h e  t r e a t e d  r o o t s .
The c o n c e n t r a t i o n  on t h e  lo w er  s i d e s  d i d  n o t  seem t o  
i n c r e a s e  v e r y  much d u r i n g  g e o t r o p i c  c u r v a t u r e  i n  t r e a t e d  
r o o t s  and  when t h e  r e c o v e r y  p r o c e s s  b e g a n ,  a  d e c r e a s e  i n
c o n c e n t r a t i o n  wa,s t h o u g h t  t o  o c c u r  u n t i l  f i n a l l y  a  norma.l
-3
c o n c e n t r a t i o n  o f  a b o u t  10 p . p . m .  I . A . A .  a p p e a r e d  t o  
be  p r e s e n t .
On t h e  u p p e r  s i d e s  o f  t h e  t r e a t e d  r o o t s ,  a f t e r  t h e
f i r s t  5 h h o u r s ,  t h e  c o n c e n t r a t i o n  seem ed  t o  d ro p  t o
t h e  n o r m a l , v a l u e  and t h e n  r o s e  a g a i n ,  r e m a i n i n g  s l i g h t l y
i n h i b i t o r y  u n t i l  r e c o v e r y  h a d  b eg u n ,  when I t  was once
-3
more t h o u g h  t o  r e a c h  a  c o n c e n t r a t i o n  o f  10 p . p . m .  I .A . A .
A c o m p a r i s o n  o f  p o s s i b l e  I . A . A .  c o n c e n t r â t i o n s  i n  
r o o t s  t r e a t e d  w i t h  t h e  m i x t u r e  and t h o s e  i n  I . A . A .  a l o n e  
showed t h a t ,  a f t e r  t h e  f i r s t  3 h o u r s ,  t h e  a u r i n  c o n c ­
e n t r a t i o n  on b o t h  s i d e s  o f  t h e  " m i x t u r e "  r i o t s  was 
p r o b a b l y  lo w er  and  l e s s  i n h i b i t o r y  t h a n  i n  r o o t s  i n  
I . A . A .  a l o n e . U o b
N . M . S . P . ,  t h e r e f o r e ,  a p p e a r e d  t o  h a v e  p r e v e n t e d  t h e  
a p p l i e d  i n h i b i t o r y  I . A . A .  c o n c e n t r a t i o n  f ro m  a f f e c t i n g  
t h e  g e o t r o p i c  r e a c t i o n ,  w i t h  t h e  r e s u l t  t h a t  a  f a i r l y  
n o r m a l  c u r v a t u r e  o c c u r r e d .  The f a c t  t h a t  t h e r e  was l e s s  
g r o w t h  i n h i b i t i o n  t h a n  n o rm a l  on t h e  lo w er  s i d e s  o f
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t r e a t e d  r o o t s  and  a  h i g h e r r g r o v / t h . r a t e  t h a n  n o rm a l  on 
t h e  u p p e r  s i d e s  d u r i n g  c u r v a t u r e  (T^)  s u g g e s t e d  t h a t  t h e  
N .M .S .P .  h a d  a n t a g o n i s e d  some o f  t h e  n a t i v e  hormone i n  




The e x a c t  way i n  w h ic h  2 ,4 - D .  a c t s  i n  t h e  p l a n t  i s  
s t i l l  unknown. Skoog (1 9 4 7 )  c l a i m e d  t h a t  2 , 4 - D .  r e l e a s é d  
n a t i v e  a u x i n  f r o m  i n a c t i v e  p r o t e i n  c o m p le x e s .  8 I v o r i  
and  Cl a v e r  (1 9 5 0 )  fo u n d  t h a t ,  d e p e n d in g  on t h e  c o n c e n t r â t t o n  
m sed ,  2 , 4 - D .  c o u l d  i n c r e a s e  o r  d e c r e a s e  c a t a l a a e  a c t i v i t y  
i n  t h e  p o t a t o  t u b e r .  I t  h a s  b ee n  c l a i m e d  t h a t  h y d r o g e n  
p e r o x i d e  i s  c o n c e r n e d  w i t h  I . A . A .  breakdo^-m, ( s e e  l a t e r ) ,  
t h e r e f o r e  c a t  a l a s  e i n h i b i t i o n  w ould  a l l o w  t h e  r a t e  o f  
I . A . A .  d e s t r u c t i o n  t o  be i n c r e a s e d  w h i l s t  i n c r e a s e d  
c a t a l a s e  a c t i v i t y  w ould  r e s u l t  i n  an a c c u m u l a t i o n  o f  I . A . A .
R e c e n t l y ,  2 , 4 - D .  was r e p o r t e d  t o  c a u s e  an a c c u m u l a t i o n  
o f  s c o p e l e t i n  i n  p l a n t s , ( F u l t s  and  J o h n s o n , 1 9 5 0 ) .
A n d re ae  (1 9 5 2 )  d i s c o v e r e d  t h a t  " i n  v i t r o "  s c o p ô l e t i n  
i n h i b i t e d  t h e  d e s t r u c t i o n  o f  I . A . A .  by  i n d o l e  a c e t i c  
a c i d  o x i d a s e .  He a l s o  f o u n d  t h a t  r o o t |  g ro w th  o f  p e a s ,  
w h ic h  h a d  b ee n  s o a k e d  i n  50 p . p . m .  s c o p o l e t i n  p r i o r  t o  
g e r m i n a t i o n ,  was t e m p o r a r i l y  r e t a r d e d .  S o a k in g  i n  w eaker  
s o l u t i o n s ,  sucgi as  1 p . p l m . , r e s u l t e d  i n  s t i m u l a t e d  g r o w t h  
o f  t h e  r o o t s .  I f  t h e s e  r e s u l t s  a r e  c o r r e c t ,  i t  may be 
t h e r e f o r e  t h a t  2 , 4 - D .  c a u s e s  an a c c u m u l a t i o n  o f  s c o p o l e t i n  
i n  t h e  p e a  r o o t  and  t h a t  t h i s  compound p r e v e n t s  t h e  
brealcdown o f  I . A . A .
To d a t e ,  as  t h e  p r e c e d i n g  r e p o r t s  show, e v i d e n c e
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i s  c o n t r a d i c t o r y  a s  t o  w h e t h e r  t h e  a d d i t i o n  o f  2 , 4 - D .  
i n c r e a s e d  o r  d e c r e a s e s  t h e  I . A . A .  c o n t e n t  o f  t h e  p l a n t .
The h u l k  o f  t h e  e v i d e n c e  p o i n t s  t o  t h e  t h e o r y  t h a t  2 , 4 - D .  
does  n o t  i t s e l f  a c t  i n  t h e  same g ro w t h  s y s t e m  as  I . A . A . , 
h u t  i n d i r e c t l y  a f f e c t s  t h e  I . A . A .  c o n c e n t r a t i o n  and 
t h e r e f o r e  t h e  g r o w th  o f  t h e  p l a n t  by  a c t i n g  on enzymes 
c o n c e r n e d  w i t h  a u x i n .
-5
The a p p l i c a t i o n  o f  10 p . p . m .  2 , 4 - D .  r e s u l t e d  i n  
i n c r e a s e d  g r o w t h  o f  t h e  r o o t s  d u r i n g  g e o t r o p i c  c u r v a t u r e .  
T h is  r e s u l t  m ig h t  be due to
1 ) A d d i t i o n  o f  2 , 4 - D .  c a u s i n g  a  s m a l l  i n c r e a s e  i n  t h e  
I . A . A .  c o n t e n t  o f  t h e  r o o t s .  S u ch  an i n c r e a s e  w ould  
p r e s u m a b l y  h a v e  t h e  same e f f e c t  as t r e a t m e n t  w i t h  a  
low  c o n c e n t r a t i o n  o f  a u x i n  — t h a t  i s ,  i n c r e a s e d  g r o w t h  
and  c u r v a t u r e .
2 )  The a d d i t i o n  o f  2 , 4 - D .  m ig h t  h a v e  c a u s e d  a  d e c r e a s e
i n  t h e  I . A . A .  c o n t e n t  o f  t h e  r o o t s .  T h i s  w ould  r e s u l t
i n  s t i m u l a t e d  g r o w th  on t h e  u p p e r  s i d e s  and  s l i g h t l y
l e s s  g ro w th  i n h i b i t i o n  t h a n  n o rm a l  on t h e  low er  s i d e s
d u r i n g  t h e  g e o t r o p i c  r e a c t i o n ,  and  t h u s  h a v e  t h e
same e f f e c t  as  1 .
-5
T r e a t m e n t  w i t h  10 p . p . m .  2 , 4 - D .  o n l y  a f f e c t e d  g r  owth
d u r i n g  g e o t r o p i c  c u r v a t u r e .  At t h e  en d  o f  t h e  e x p e r i m e n t s ,
when t h e  r o o t s  w ere  s t r a i g h t ,  g r o w t h  d i d  n o t  d i f f e r  f r o m
t h a t  o f  c o n t r o l s .  T h is  f a c t  s u g g e s t s  t h a t  t h e  e f f e c t  o f  
-5
10 p . p . m .  2,4-D.W&S n o r m a l l y  s o  s m a l l  as  t o  be  u n d e t e c t a b l e
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b y  p r e s e n t  m e thods  o f  g r o w t h  m e a s u r e m e n t ! .  I t  was o n l y  
when t h e  r o o t  c e l l s  h a d  r e c e i v e d  a  u n i l a t e r a l  g r a v i t a t i o n a l  
s t i m u l u s  t h a t  t h i s  e f f e c t  became q u i t e  m a rk e d .  I t  i s  
t h o u g h t  t h e r e f o r e  t h a t  a  change  i n  t h e  " s e n s i t i v i t y "  o f  
t h e  p r o t o p l a s m  t o  g r o w th  hormones  i s  v i t a l l y  c o n c e r n e d  
w i t h  t h e  g e o t r o p i c  r s a n c t i o n .  (S ee  l a t e r  f o r  f u r t h e r  
d i s c u s s i o n ) .
T h e re  a r e  two p o s s i b l e  e x p l a n a t i o n s  o f  t h e  r e s u l t s
-2
o b t a i n e d  i n  g e o t r o p i c  e x p e r i m e n t s  u s i n g  3x10 p . p . m .  2 , 4 - D .
4»
1 ) A n o r m a l  r e a c t i o n  t o o k  p l a c e  as  f a r  as  t h e  n a t i v e
hormone o f  t h e  r o o t s  was c o n c e r n e d ,  b u t  s u p e r im p o s e d  
on t h i s  t h e r e  was an  i n h i b i t o r y  a c t i o n  o f  2 ,4 - D .  
t h r o u g h o u t  t h e  r o o t s .  The r e s u l t  w ould  be t h a t  t h e  
i n h i b i t i o n  o f  t h e  low er  s i d e s  o f  t h e  r o o t s  would be 
i n c r e a s e d ,  b u t  a t  t h e  same t im e  g r o w th  on t h e  u p p e r  
s i d e s  w o u ld  be i n h i b i t e d .  T h e r e f o r e ,  an  o v e r a l l  
d e c r e a s e  i n  g r o w th  r a t e  and c u r v a t u r e  w ould  r e s u l t .
2 )  The h i g h  c o n c e n t r a t i o n  o f  2 , 4 - D .  w h ich  was a p p l i e d  
m ig h t  h a v e  a f f e c t e d  v a x i o u s  enzyme s y s t e m s  i n  t h e  
r o o t s  and  c a u s e d  a  g r e a t  i n c r e a s e  i n  t h e  amount o f  
n a t i v e  a u x i n  p r e s e n t .  S i n c e  t h e  r o o t s  w ere  a lw ay s  
r o t a t e d  f o r  3 h o u r s  i n  t h e  2 , 4 - D .  s o l u t i o n  p r i o r  t o  
g e o t r o p i c  s t i m u l a t i o n ,  a  h i g h  c o n c e n t r a t i o n  m ig h t  
p o s s i b l y  be b u i l t  up  i n  t h e  r o o t s .  The r e s u l t s  w ou ld  
be t h e  same as i n  t h e  f i r s t  c a s e  - -  d e c r e a s e d  g r o w t h  
and  c u r v a t u r e .
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I t  i s  s t i l l  i iTzpossible  t o  r e a c h  any  d e c i s i o n  as  t o  
t h e  mode o f  a c t i o n  o f  2 ,4 -D *  i n  t h e  r o o t .  The p o i n t  t o  
he  n o t e d  i s  t h a t  t h e  a p p l i c a t i o n  o f  t h e  s y n t h e t i c  g r o w t h  
ho rm o n e ,  2 , 4 - D , ,  a f f e c t e d  o n l y  t h e  d e g r e e  o f  t h e  g e o t r o p i c  
r e a c t i o n  o f  t h e  r o o t s ,  d e p e n d in g  on t h e  c o n c e n t r a t i o n  
u s e d .  T r e a tm e n t  w i t h  2 , 4 - D ,  d i d  n o t  change  t h e  n a t u r e  
o f  t h e  r e a c t i o n  o f  t h e  r o o t s  i n  any  way.
I , A , A ,
The o c c u r e n c e  o f  I , A , A ,  i n  t h e  r o o t s  o f  P isu m  
s a t i v u m  h as  now b e e n  f a i r l y  w e l l  e s t a b l i s h e d ,  ( s e e  i n t r o ­
d u c t i o n ,  p a g e  10’) ,  a l t h o u g h  t h e  p o s s i b i l i t y  o f  some o t h e r  
horm one a l s o  i n f l u e n c i n g  r o o t  g r o w t h  m ust  n o t  be o v e r ­
l o o k e d .  E v i d e n c e  f o r  t h e  f o r m a t i o n  and d e s t r u c t i o n  o f  
I , A , A ,  i n r p l a n t s  i s  s t i l l  i n c r e a s i n g .  Enzyme s y s t e m s  
f o r  t h e  p r o d u c t i o n . o f  I . A . A ,  h av e  b e e n  f o u n d  i n  v a r i o u s  
p l a n t s  by  num erous  w o r k e r s ,  i n c l u d i n g  G a l s t o n  ( 1 9 4 9 ) ,  
Gordon and îTieva (1949 )  and L a r s e n  ( 1 9 5 0 ) ,  Most o f  ih e 
work  s u g g e s t e d  t h a t  t r y p t o p h a n e  i s  t h e  s u b s t r a t e  f r o m  
w h ic h  a u x i n  i s  fo rm e d ,  one o f  t h e  i n t e r m e d i a t e  compounds 
b e i n g  i n d o l e a c a t a l d e h y d e .  The i n a c t i v a t i o n  o f  I , A , A ,  i s  
t h o u g h t  t o  be b r o u g h t  a b o u t  by  a  p e r o x i d a s e  u t i l i s i n g  
h y d r o g e n  p e r o x i d e  f o r  t h e  r e a c t i o n .  I n h i b i t o r s  o f  t h e  
breaJcdovm p r o b a b l y  a c t  by  decom pos ing  t h e  h y d r o g e n  
p e r o x i d e  b e f o r e  i t  can  be u t i l i s e d  i n  t h e  r e a c t i o n .
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( G a l s t o n  and  B a k e r ,  1951)#
C o n t r o v e r s i a l  t h e o r i e s  e x i s t  c o n c e r n i n g  t h e  mode 
o f  a c t i o n  o f  I . A . A ,  i n  t h e  p l a n t .  V e l d s t r a  and  B oo i j  
(1 9 4 9 )  a r g u e d  t h a t  a u x i n  % a c t e d  as  a  r e g u l a t o r  o f  enzym ic  
a c t i v i t y ,  r a t h e r  t h a n  as  p a r t  o f  an enzyme. Bonner  
(1 9 5 3 )  c l a i h e d  t h a t  t h e  f a c t  t h a t  a u x i n  and o t h e r  horm ones  
a c t e d  a t  v e r y  low c o n c e n t r a t i o n s  s u g g e s t e d  t h a t  t h e y  
p r o m o te d  g r o w t h  as  p r o s t h e t i c  g r o u p s  o f  an enzyme o r  
enzymes hound t o  p r o t e i n s  i n  t h e  p l a n t .  He t h o u g h t  t h a t  
an  a u x i n  m o l e c u l e  p o s s e s s e d  two r e a c t i v e ,  f u n c t i o n a l  
g r o u p s  and  t h a t  i t  r e a c t e d  w i t h  and hound t o  two s u i t a . h l e  
r e c e p t o r  s i t e s  w i t h i n  t h e  p l a n t .  Skoog e t  a l . (1 9 4 2 )  
s t a t e d  t h a t  t h e  i n t i m a t e  r e l a t i o n s h i p  b e tw e en  a u x i n  and 
c a r b o h y d r a t e s  i n d i c a t e d  t h a t  I . A , A ,  a c t e d  as a  r e s p i r a t o r y  
c o -e n z y m e ,  t h e  co-enzym e b e i n g  f u n c t i o n a l  o n l y  i n  
c o m b i n a t i o n  w i t h  p r o t e i n s  v /hich fo rm e d  r e a c t i v e  p a i ' t s  o f  
a. l a r g e  m o l e c u l a r  a g g r e g a t e .  One f a c t  on w h ich  t h e r e  i s  
g e n e r a l  a g r e e m e n t  i s  t h a t  s p e c i f i c i t y  o f  s p a t i a l  s t r u c t u r e  
o f  p l a n t  grow^th s u b s t a n c e s  i s  e s s e n t i a l  i n  t h e i r  
p h y s i o l o g i c a l  a c t i v i t y ,  b u t  w h i l s t  l i t t l e  d o u b t  r e m a in s  
t h a t  I . A , A .  i s  a  g r o w t h  hormone i n  t h e  r o o t  o f  P isu m  
s a t i v u m ,  i t s  a c t u a l  r o l e  i n  t h e  g ro w th  p r o c e s s  i s  s t i l l  
unknown.
A s t u d y  o f  t h e  g e o t r o p i c  r e a c t i o n  o f  r o o t s  t r e a t e d  
—2
w i t h  10 p . p . m .  I . A . A .  showed t h a t  o n l y  a  v e r y  s l i g h t  
c u r v a t u r e  t o o k  p l a c e  and t h a t  t h e  g r o w t h  r a t e  o f  t h e  r o o t s  
was c o n s i d e r a b l y  r e d u c e d  t h r o u g h o u t  t h e  e x p e r i m e n t s .  A
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—2
c o n c e n t r a t i o n  o f  a b o u t  2x10 p . p . m .  I .A .A .  a p p e a r e d  t o  
be p r e s e n t  i n  t r e a t e d  r o o t s .  The h i g h  c o n c e n t r a t i o n  o f  
I . A . A .  u s e d  swamped a l m o s t  c o m p l e t e l y  any  g e o t r o p i c  r e a c t i o n  
i n  t h e  r o o t s ,  due t o  i t s  a l m o s t  t o t 82  o v e r a l l  i n h i b i t i o n  
o f  g r o w t h .
The g e o t r o n i c  c u r v a t u r e  o f  r o o t s  t r e a t e d  w i t h
-5
10 p . p . m .  I . A . A .  was s i g n i f i c a n t l y  i n c r e a s e d  above n o r m a l .
T h i s  was m a i n l y  due t o  t h e  g r o w th  o f  t h e  u p p e r  s i d e s  o f
t h e  r o o t s  b e i n g  v e r y  s i g n i f i c a n t l y  i n c r e a s e d , c o m p a r e d
w i t h  c o n t r o l s ,  d u r i n g  t h e  i n i t i a l  p h a s e  o f  c u r v a t u r e .
The e s t i m a t e d  I . A . A .  c o n c e n t r a t i o n  o f  t h e  n o rm a l  r o o t
-3
a t  t h i s  t i m e  was t h o u g h t  t o  be 10^  p . p . m . .  T h e r e f o r e  
g r o w t h  s t i m u l a t i o n  c a u s e d  by  t h e  a d d i t i o n  o f  f u r t h e r  
a u x i n  i s  d i f f i c u l t  t o  e : c p la in  s a . t i s f a c t o r i l y .  I t  was 
e x p la . in e d  b y  B u rs t ro m (  1950 j  as  b e i n g  due t o  an a u x i n  
e f f e c t  on a  d i p h a s i c  g r o w th  s y s t e m  i n  t h e  r o o t .  He 
t h o u g h t  t h a t  n o r m a l l y  a u x i n  a c c e l e r a t e d  t h e  f i r s t  pha.se 
o f  g r o w t h  and r e t a r d e d  t h e  s e c o n d  p h a s e .  The r e t a r d a t i o n  
p r e d o m i n a t e d  and t h e r e f o r e  g ro w t h  was i n h i b i t e d .
A d d i t i o n  o f  a  low a u x i n  c o n c e n t r a t i o n  c a u s e d  t h e  f i r s t  
a c t i o n  o f  au^cin t o  assume c o n t r o l  and gro ifkh  was s t i m u l a t e d .  
(S e e  a l s o  p a g e s  119 and 1 2 0 ) .
An a l t e r n a t i v e  t h e o r y  o f  g r o w t h  s t i m u l a t i o n  was 
p u t  f o r w a r d  by  Audus and S h i p t o n  ( 1 9 5 2 ) .  T h is  t h e o r y  
p o s t u l a t e d  t h a t  a u x i n  was n o t  t h e  n a t u r a l  g r o w th  s u b s t a n c e  
i n  p l a n t s ,  b u t  t h a t  n o r m a l  r o o t  g r o w t h  was m a i n t a i n e d  a t  
a  s u b - o p t i m a l  l e v e l  by  some i n h i b i t i n g  s u b s t a n c e  i n  t h e
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r o o t .  A d d i t i o n  o f  low c o n c e n t r a t i o n s  o f  a u x i n  w ere  t h o u g h t  
t o  r e l e a s e  t h e  r o o t  f ro m  t h i s  g ro w th  i n h i b i t i o n ,  th e re b y -  
i n c r e a s i n g  e l o n g a t i o n  g r o w t h .  S u b s e q u e n t  t o  t h e  p u b l i c a t i o n  
o f  t h i s  p a p e r ,  h o w e v e r , f u r t h e r  p v o o f  h a s  b ee n  g i v e n  o f  
t h e  e x i s t e n c e  o f  I , A . A .  i n  t h e  r o o t s  o f  P isu m  s a t i v u m ,
( B e n n e t - C l a r k  and K e f f o r d ,  1 9 5 5 ) .  At t h e  same t im e  
B e n n e t - C l a r k  and  K e f f o r d  fo u n d  è h i d e n c e  f o r  t h e  o c c u r r e n c e  
o f  o t h e r ,  a t  p r e s e n t  u n i d e n t i f i e d ,  g r o w t h  s u b s t a n c e s  i n  
t h e  r o o t s .  T h e r e f o r e  t h e  p o s s i b i l i t y  r e m a in s  t h a t  some 
compound o t h e r  t h a n  I . A . A .  i s  m a i n l y  r e s p o n s i b l e  f o r  
t h e  g r o w t h  r e g u l a t i o n  o f  t h e  r o o t s .  The a n t i - a u x i n  
F . M . S . P .  w h ic h  i s  known t o  a n ta g ;o n i s e  t h e  i n h i b i t o y y  
a c t i o n  o f  I . A . A .  a l s o  a n t a g o n i s e d  t h e  a c t i o n  o f  w h a t e v e r  
g r o w t h  r e g u l a t o r  was p r e s e n t  i n  p e a  r o o t s ,  r e s u l t i n g  i n  
i n c r e a s e d  g r o w t h  o f  t h e  r o o t s .  T h e r e f o r e ,  i t  may be 
p r e d i c t e d  f ro m  t h e s e  r e s u l t s  t h a t  t h e  s u s t a n c e  r e g u l a t i n g  
r o o t  grovrfch a t  l e a s t  p o s s e s s e d  a  m o le c u l a x  s t r u c t u r e  
s i m i l a r  t o  t h a t  o f  I .A .A .
Much r e s e a r c h  r e m a in s  t o  be done t o  e s t a b l i s h  
w h e th e r  I . A . A .  i s  t h e  p r i m a r y  g r o w th  hormone p r e s e n t  i n  
p e a  r o o t s  and i f  s o ,  t o  s o l v e  t h e  p r o b le m  o f  g r o w th  
s t i m u l a t i o n  by  a d d i t i o n  o f  a u x i n  t o  a  r o o t  a l r e a d y  
p o s s e s s i n g  a  s u p r a - o p t i m a l  c o n c e n t r a t i o n  o f  t h e  s u b s t a n c e .  
Prom t h e  p r e s e n t  s t u d y  o f  t h e  g e o t r o p i c  r e a c t i o n  o f  r o o t s  
t r e a t e d  w i t h  I .A #A .  t h e  f o l l o w i n g  c o n c l u s i o n s  may be 
d r a v m : -  I . A . A .  a f f e c t e d  t h e  d e g r e e  o f  t h e  r e a c t i o n ,  
d e p e n d in g  oh t h e  a p p l i e d  c o n c e n t r a t i o n .  A uxin  d i d  n o t
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change  t h e  n a t u r e  or  c o u r s e  o f  t h e  r e a c t i o n  i n  a n y  way, 
u n l e s s  i t s  c o n c e n t r a t i o n  was so  h i g h  t h a t  i t  c a u s e d  
a l m o s t  t o t a l  i n h i b i t i o n  o f  r o o t  g r o w t h .  T h e r e f o r e ,  i t  
i s  c o n s i d e r e d  t h a t  a u x i n ,  o r  some s i m i l a r  ho rm one ,  v«ks 
m e r e l y  a  f a c t o r  i n  a  s y s t e m  ivhichwis a l t e r e d  by  u n i l a t e r a l  
e x p o s u r e  t o  t h e  f o r c e  o f  g r a v i t y  and t h a t  t h e  g ro w th  
s u b s t a n c e  p r o b a b l y  e x e r t e d  i t s  n o rm a l  e f f e c t  on t h a t  
a l t e r e d  s y s t e m .
E s t i m t i t e d  c h a n g es  i n  I . A . A .  c o n c e n t r a t i o n  d u r i n g  t h e  
n o rm a l  geo t r o p i c  r e a c t i o n .
I n  t h e  f o l l o w i n g  d i s c u s s i o n  i t  i s  a g a i n  assum ed t h a t  
I . A . A .  i s  t h e  g r o w t h  r e g u l a t o r  i n  t h e  r o o t s  o f  P isum  
s a t i v u m .  Remarks a r e  e q u a l l y  a p p l i c a b l e  s h o u l d  a n o t h e r  
hormone be f o u n d ,  l a t e r ,  t o  be r e s p o n s i b l e  f o r  g r o w th ,  
e x c e p t  w here  a c t u a l  c o n c e n t r a t i o n s  o f  I .A .A .  a r e  m e n t io n e d
I n  t h e  p r e s e n t  r e s e a r c h  on geo t r o p  i sm  a  m ethod  was 
d e v i s e d  f o r  t h e  p r e d i c t i o n  o f  p o s s i b l e  i n t e r n a l  I .A .A .  
c o n c e n t r â t  io n s  i n  g e o t r o p i c a l l y  s t i m u l a t e d  r o o t s  f r o m  a  
s t u d y  o f  g r o w t h  i n  e x t e r n a l l y  a p p l i e d  I . A . A .  s o l u t i o n s  
o f  knov/n s t r e n g t h .  (S ee  pap:es 8 1 ,  82 and 8 3 ) .  IJo o t h e r  
p o s s i b l e  m ethod  f o r  t h e  e s t i m a t i o n  o f  t h e s e  i n t e r n a l  
c o n c e n t r a t i o n s  c o u l d  be e v o l v e d  w i t h o u t  d e s t r o y i n g  or  
m u t i l a t i n g  t h e  r o o t s  and th u s  d e f e a t i n g  t h e  a im  o f  
f o l l o w i n g  t h e  wliole g e o t r o p i c  r e a c t i o n  i n  t h e  same
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w hole  r o o t s  u n d e r  n o rm a l  c o n d i t i o n s .  As s t a t e d  e a r l i e r ,  
i t  was r e a l i s e d  t h a t  t h e  p r e d i c t e d  c o n c e n t r  a t i o n s  i n  t h e  
s t i m u l a t e d  r o o t s  m ig h t  n o t  be a b s o l u t e l y  c o r r e c t  s i n c e  
t h e i r  g r o w t h  r a t e s  w ere  c o r r e l a t e d  w i t h  t h o s e  o f  r o o t s  
grown i n  knoxm e x t e r n a l  a u x i n  c o n c e n t r a t i o n s . The i n t e r n a l  
c o n c e n t r a t i o n s  o f  t h e  l a t t e r  r o o t s  m ig h t  h a v e  d i f f e r e d  
due t o  a u x i n  d e s t r u c t i o n ,  t r a n s p o r t  w i t h i n  t h e  p l a n t  o r  
ev e n  I . A . A .  u p t a k e  a g a i n s t  a  c o n c e n t r a t i o n  g r a d i e n t .  
However ,  S u t t e r  (1944)  showed t h a t  a f t e r  a  c e r t a i n  t im e  
t h e  amount o f  I . A . A .  w i t h i n  r o o t s  was p r o p o r t i o n a l  t o  
t h e  a p p l i e d  c o n c e n t r a t i o n .  I n  t h e  p r e s e n t  r e s e a r c h  i t  
was f o u n d  t h a t  t h e  r a t i o  o f  grovrth o f  r o t a t e d ,  u n s t i i m l a t e d  
r o o t s  i n  v a r i o u s  I . A . A .  s o l u t i o n s  t o  t h e i r  r e s p e c t i v e  
c o n t r o l s  was f a i r l y  c o n s t a n t  a f t e r  t h e  f i r s t  3 h o u r s  o f  
r a t a t i o n .  I t  w o u ld  t h e r e f o r e  seem  r e a s o n a b l e  t o  assume 
t h a t  t h e  i n t e r n a . l  and e x t e r n a l  c o n c e n t r a t i o n s  had  r e a c h e d  
an e q u i l i b r i u m  v a l u e  a f t e r  t h i s  t im e  and g ro w th  m e a s u r e ­
m en ts  w ere  begun  3 h o u r s  a f t e r  r o t a t i o n  commenced. T h ese  
g r o w t h  m e a s u re m e n ts  w ere  t h e n  u s e d  i n  t h e  e s t i m s , t i o n  o f  
t h e  p o s s i b l e  I . A . A .  c o n t e n t  o f  g e o t r o p i c a l l y  s t i m u l a t e d  
r o o t s  and  were  c o n s i d e r e d  t o  g i v e  a  f a i r l y  a c c u r a t e  
p i c t u r e  o f  t h e  t y p e  o f  I . A . A .  c o n c e n t r a t i o n  ch a n g es  v fh ich  
m ig h t  h av e  o c c u r r e d  d u r i n g  g e o t r o p i s m .
The p o s s i b l e  c o n c e n t r a t i o n  w i t h i n  u n s t i m u l a t e d ,  b u t
- 3
r o t a t e d  r o o t s  was e s t i m a t e d  t o  be 10 p . p . m .  I . A . A .  (See  
p a g e s  91 and  9 2 ) .  S t u d i e s  o f  t h e  g r o w th  i r h ic h  t o o k  p l a c e  
d u r i n g  a  n o r m a l  g e o t r o p i c  r e a c t i o n  showed t h a t  t h e r e  was
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no d e t e c t a b l e  s t i m u l a t i o n  o f  g ro w th  on t h e  u p p e r  s i d e  
o f  e a c h  r o o t .  C u r v a t u r e  was due to  t h e  d e c r e a s e d  g r o w t h  
o f  t h e  lo w er  s i d e  o f  t h e  r o o t ÿ  v / h i l s t  t h e  u p p e r  s i d e s  
c o n t i n u e d  t o  grow n o r m a l l y  a t  f i r s t .  The n o rm a l  g r o w th  
on t h e  u p p e r  s i d e  o f  t h e  r o o t  p r e s u m a b ly  c o n t i n u e d  w i t h  
t h e  n o r m a l  I . A . A .  c o n c e n t r a t i o n  p r e s e n t ,  b u t ,  on t h e  low er  
s i d e  t h e  I . A . A .  c o n c e n t r a t i o n  was e s t i m a t e d  t o  h av e  
i n c r e a s e d  more t h a n  10 t im e s  to  a c c o u n t  f o r  t h e  o b s e r v e d  
g r o w t h  i n h i b i t i o n .  T h e r e f o r e ,  i f  t h e  g e o t r o p i c  r e a c t i o n  
UÂS t o  be e x p l a i n e d  s o l e l y  i n  t e rm s  o f  I . A . A .  r e g u l a t e d  
g r o w t h ,  a  v e r y  c o n s i d e r a b l e  i n c r e a s e  i n  t h e  amount o f  
I . A . A .  i n  t h e  r o o t  mus t ' ^ ^ k :  en p l a c e  as a  r e s u l t  o f  g r a v i ­
t a t i o n a l  s t i m u l a t i o n .  T h is  f a è t  does n o t  a g r e e  w i t h  t h e  
Went C ho lodny  t h e o r y  w h ic h  a c c o u n t e d  f o r  g r o w t h  d u r i n g  
g e o t r o p i s m  by  r e d i s t r i b u t i o n  o f  e x i s t i n g  a u x i n  i n  t h e  r o o t .
Ahrens  ( 1 9 3 4 ) ,  Amlong (1 9 3 9 )  and Y ounis  (1950)  
f o u n d  t h a t  s t i m u l a t i o n  a t  an a n g l e  o f  1 2 0 ° t o  t h e  v e r t i c a l  
r e s u l t e d  i n  t h e  maximum g e o t r o p i c  r e s p o n s e .  S i n c e  t h e  
maximum g r a v i t a t i o n a l  e f f e c t  c a u s i n g  movement o f  m o l e c u l e s ,  
s t a t o l i t h s  or  o t h e r  c e l l  i n c l u s i o n s  w ou ld  o c c u r  a t  r i g h t  
a n g l e s  t o  t h e  v e r t i c a l ,  t h i s  d i s c o v e r y  th ro w s  d o u b t  on 
t h e  s i m p l e  r e d i s t r i b u t i o n  o f  a u x i n .  I n  t h e  p r e s e n t  
r e s e a r c h ,  r e s u l t s  i n d i c a t e d  t h a t  t h e  I .A .A .  c o n c e n t r a t i o n  
on t h e  u p p e r  s i d e  o f  t h e  s t i m u l a t e d  r o o t  a p p e a r e d  to  
r e m a in  c o n s t a n t  d u r i n g  t h e  e a r l y  s t a g e s  o f  c u r v a t u r e  and 
t h e n  i t  was c a l c u l a t e d  t o  i n c r e a s e  t o  some e x t e n t — i t  
n e v e r  a p p e a r e d  t o  d e c r e a s e  to  a l l o w  f o r  t h e  c a l c u l a t e d
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l a r g e  i n c r e a s e  i n  c o n c e n t r a t i o n  on t h e  lo w er  s i d e  o f  t h e  
r o o t .  T h e r e f o r e ,  no a p p a r e n t  r e d i s t r i b u t i o n  o f  a u x i n  
t o o k  p l a c e  i n  t h e  r o o t  a f t e r  g e o t r o p i c  s t i m u l a t i o n .
E x p e r i m e n t a l  e v i d e n c e  p u b l i s h e d  by  v a r i o u s  w o rk e r s  
p o i n t s  t o  t h e  f a c t  t h a t  a u x i n  r e d i s t r i b u t i o n  i s  n o t  t h e  
p r i m a r y  r e s u l t  o f  g r a v i t a t i o n a l  s t i m u l a t i o n .  O o r t w i j n  
(1 9 3 8 )  f o u n d  tha-t  i t  was p o s s i b l e  f o r  a  g r a v i t a t i o n a l  
s t i m u l u s  to  be p e r c e i v e d  i n  s te m s  o f  t o m a to e s  v/hich w ere  
d e v o i d  o f  a u x i n .  (He c l a i m e d  t h a t  t o  ma, t o  p l a n t s  k e p t  i n  
t h e  d a r k  f o r  7 days  c o n t a i n e d  no g ro w th  h o r m o n e . )  The 
a d d i t i o n  o f  a u x i n  t o  t h e s e  s t i m u l a t e d  s tem s  r e s u l t e d  i n  
geo t r o p i c  c u r v a t u r e ,  s u g g e s t i n g  t l r n t  a u x i n  was n e c e s s a r y  
f o r  t h e  g r o w t h  r e s p o n s e  t o  g r a v i t y  b u t  n o t  f o r  g e o ­
p e r c e p t i o n .  S y re  (1938 ) a l s o  c la , imed t h a t  t h e  a c t i o n  o f  
t h e  g r o w th  s u b s t a n c e  wa,s n o t  t h e  i n i t i a l  l i n k  i n  t h e  
g e o - r e a c t i o n .  K e e b l e ,  H e l s o n  and Snow (1 9 2 9 )  fo u n d  t h a t  
u n s t i m u l a t e d  t i p s  o f  r o o t s  and c o l e o p t i l e s  o f  Z ea  l iays  
p l a c e d  on g e o t r o p i c a l l y  s t i m u l a t e d  s t u r p s  r e s r a l t e d  i n  
c u r v a t u r e .  Ho a u x i n  r e d i s t r i b u t i o n  c o u ld  h av e  o c c u r r e d  
i n  t h e  t i p s  so t h a t  d i f f e r e n t  amounts  d i f f u s e d  i n t o  t h e  
u p p e r  and  l a / e r  h a l v e s  o f  t h e  e l o n g a t i n g  zones  o f  t h e  
s t u m p s .  T h is  r e s e a r c h  s u r e l y  s h g g e s t s  t h a t  some o t h e r  
s y s t e m  i n  t h e  e l o n g a t i n g  zone o f  e a c h  s tum p wa.s i n f l u e n c e d  
by  g r a v i t y ,  t h e  s y s t e m  b e i n g  i n t i m a t e l y  c o n n e c t e d  w i t h  
a u x i n  and g r o w t h .
Cha,nges i n  e l e c t r i c a l  p o t e n t i a l  a r e  knovm t o  o c c u r  
v/hen a  r o o t  i s  p l a c e d  i n  t h e  h o r i z o n t a l  p o s i t i o n .  B ra u n e r
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( 1 9 2 7 , 2 8 , 4 2 ) ,  S ch ran k  ( 1 9 4 5 ,5 0 ,5 1 )  and o t h e r s  have  done 
r e s e a r c h  i n t o  t h e s e  changes  h u t ,  as  y e t ,  t h e  a c t u a l  
v a r i a t i o n s  a r e  n o t  d e f i n i t e l y  e s t a b l i s h e d .  S c h r a n k ’s 
o r i g i n a l  e x p e r i m e n t s  (1945)  l e d  h im  t o  co n c lu d e  t h a t  a  
t r a n s v e r s e  e l e c t r i c a l  p o l a r i t y  was e s t a b l i s h e d  i n  t h e  
h o r i z o n t a l  Avena c o l e o p t i l e  b e f o r e  g e o t r o p i c  c u r v a t u r e  
o r  a  d i f f e r e n c e  i n  hormone c o n c e n t r a t i o n  on t h e  two 
s i d e s  was f o u n d .  In  h i s  l a t e r  e x p e r im e n t s  ho w ev e r ,  he  
c o u ld  n o t  d e m o n s t r a t e  any  c a u s a l  r e l a t i o n s h i p  be tw een  
e l e c t r i c a l  p o l a r i t y  and a u x in  t r a n s p o r t .  Changes i n  
e l e c t r i c a l  c h a rg e s  i n  a  h o r i z o n t a l  r o o t  s u b j e c t e d  t o  
g r a v i t a t i o n a l  s t i m u l a t i o n  m igh t  a f f e c t  t h e  r e l a t i v e  
a c t i v i t y  o f  enzymes concenned  w i th  I .A .A .  s y n t h e s i s  and 
b reakdow n,  o r  t h e  pH of  t h e  p r o t o p l a s m ,  or i n  some o t h e r  
way c a u s e  an i n c r e a s e  i n  t h e  amount o f  f r e e  a u x in  w i t h i n  
t h e  c e l l s  o f  t h e  lower  s i d e  o f  t h e  r o o t .  On r o t a t i o n  
a  r e d i s t r i b u t i o n  o f  e l e c t r i c a l  c h a rg e s  i n  t h e  r o o t  would 
t a k e  p l a c e  and co u ld  r e s u l t  i n  a  r e t u r n  to  n o rm a l  o f  t h e  
a u x i n  c o n c e n t r a t i o n  th r o u g h o u t  t h e  r o o t .
The e s t i m a t e d  a u x in  c o n c e n t r a t i o n  d i f f e r e n c e s  be tw een  
t h e  two h a l v e s  o f  t h e  r o o t  were so  l a r g e  t h a t  w h i l s t  ch a n g es  
i n  e l e c t r i c a l  p o t e n t i a l ,  enzyme a c t i v i t y  e t c .  would a c c o u n t  
f o r  some i n c r e a s e  in  c o n c e n t r a t i o n  on t h e  low er  s i d e ,  i t  
seemed p o s s i b l e  t h a t  some o t h e r  f a c t o r ,  w h ich  c o u ld  o n ly  
be te rm ed  " p r o t o p l a s m i c  s e n s i t i v i t y " , was a l s o  i n f l u e n c e d  
by  g r a v i t y ,  au g m en t in g  t h e  e f f e c t  o f  t h e  o r i g i n a l  o r  
s l i g h t l y  i n c r e a s e d  I .A .A .  c o n t e n t  and r e d u c i n g  g row th
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t o  a  c o n s i d e r a b l e  e x t e n t  on t h e  low er  s i d e  o f  t h e  r o o t . i n  
p a r t i c u l a r .  On t h e  u p p e r  s i d e  o f  t h e  r o o t  t h e  g r o w th  r a t e  
f e l l  d u r i n g  t h e  p e r i o d  o f  maximum c u r v a t u r e .  D u r in g  t h i s  
same p e r i o d  t h e  grovrth r a t e  o f  t h e  low er  s i d e  was v e r y  
lo w .  I t  seemed t h a t  t h e  r e a c t i o n s  r e s u l t i n g  f ro m  g r a v i ­
t a t i o n a l  s t i m u l a t i o n  gradual^r^r b u i l t  up so  t h a t  t h e  p e a k  
o f  " s e n s i t i v i t y "  to  a u x i n  was r e a c h e d  a b o u t  1 h o u r  a f t e r  
t h e  h o r i z o n t a l  r o o t  h ad  b een  s u b j e c t e d  t o  u n i l a t e r a l  
s t i m u l a t i o n .  The m ain  g r o w th  ch a n g es  o c c u r r e d  on t h e  
lo w e r  s i d e  o f  t h e  r o o t ,  b u t  a t  t h e  same t i m e ,  on t h e  
u p p e r  s i d e ,  t h e  g r o w t h  r a t e  d r o p p e d  t o  a  l e s s e r  e x t e n t ,  
i n d i c a t i n g  t h a t  t h e  c e l l s  o f  t h e  u p p e r  s i d e  h a d  a l s o  
u n d e r g o n e  some s l i g h t  change  i n  t h e i r  r e a c t i v i t y  to w a rd s  
a u x i n .
The o b s e r v e d  g ro w t h  r a t e s  d u r i n g  g e o t r o p i s m
c o u l d  n o t  be s a t i s f a c t o r i l y  a c c o u n t e d  f o r  i n  te rras  o f
r e g u l a t i o n  by  g r o w t h  h o r m o n e s , u n l e s s  a  s u d d e n ,  v e r y
c o n s i d e r a b l e  i n c r e a s e  t o o k  p l a c e  i n  t h e  hormone c o n t e n t
o f  t h e  r o o t . The t h e o r y  o f  i n c r e a s e d  a u x i n  s e n s i t i v i t y
o f  t h e  c e l l  p r o t o p l a s m  i s  p u t  f o r w a r d  as a  more p o s s i b l e
e x p l a n a t i o n  o f  g e o t r o p i s m ,  a l t h o u g h  t h e " s e n s i t i v i t y "  \
5^\Q«tr UuVxir
r e n m in s  a-n unknovm f a c t o r .  I t  was a l s o  u s e d  by^Huber
(1951-) t o  e x p l a i n  K h w  work on g e o t r o p i s m .  I t  m ust  be 
some ch a n g e  i n  t h e  p h y s i c a l  o r  c h e m i c a l  s t a t e  o f  t h e  
p r o t o p l a s m ,  b u t  t h e  p r e s e n t  r e s e a r c h  h a s  i n  no ws,y 
e l u c i d a t e d  i t s  a c t u a l s  c h a r a , c t e r .
On c o m n l e t i o n  o f  t h e  a u t o t r o p i c  o r  r e c o v e r y  p r o c e s s .
170
n o r m a l  g r o w t h  t o o k  p l a c e ,  i n d i c a t i n g  t h a t  an y  i n h i b i t o r y ,  
e x c e s s  I . A . A .  h a d  d i s a p p e a r e d .  The i n f l u e n c e  o f  g r a v i t y  
was n o t  é l i m i n a i t é d  by  t o t a t i o n ,  b u t  r a t h e r  p e r c e i v e d  e q u a l l y  
on a l l  s i d e s  o f  t h e  r o o t ?  ( L a r s e n ,  1 9 5 3 ) .  Due t o  t h e  
e x h a u s t i o n  o f  some s y s t e m  i n  t h e  r o o t  d u r i n g  t h e  g e o t r o p i c  
r e a c t i o n ,  a l l  s i d e s  o f  t h e  r o o t  c o u l d  n o t  r e a c t  i n  t h e  
same way a t  f i r s t .  The n e t  r e s u l t  o f  t h i s  u n e q u a l  r e a c t i o n  
t o  t h e  e q u a l  s t i m u l u s  p e r c e i v e d  on a l l  s i d e s  o f  t h e  r o o t  
d u r i n g  r o t a t i o n  was t h a t  t h e  r o o t  s t r a i g h t e n e d  and c o n t ­
i n u e d  t o  grow n o r m a l l y ,  once  a l l  t r a c e s  o f  t h e  r e a c t i o n  
s e t  u p  by  u n i l a t e r a l  s t i m u l a t i o n  had  f a d e d  away. (At l e a s t  
a t  t h e  r o t a t i o n  s p e e d  u s ê d  i n  t h i s  r e s e a r c h ) .
D u r in g  a , u t o t r o p i s m ,  t h e  a u x i n  c o n c e n t r a t i o n  on t h e  
u p p e r  s i d e  o f  t h e  r o o t  a p p e a r e d  t o  i n c r e a s e  and t h e n  
s l o w l y  d e c r e a s e  t o  n o r m a l .  T h a t  o f  t h e  low er  s i d e  was 
e s t i m a t e d  t o  d e c r e a s e  s t e a d i l y  t o  t h e  n o rm a l  l e v e l .
I'Tight i t  n o t  be th a , t  g r o w th  a t  t h i s  t im e  was n o t  c o n t r o l l e d  
b y  a u x i n ,  b u t  r a i h e r  by  t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  
o t h e r  s u b s t a n c e s  n e c e s s a r y  f o r  g ro w th ?  The c a l c u l a t e d  
a u x i n  c o n c e n t r a t i o n s  would  t h e n  u n a v o i d a b l y  show an 
e r r o n e o u s  p i c t u r e  o f  t h e  a u x i n  r e l a t i o n s  i n  t h e  r o o t ,  
p a r t i c u l a r l y  on t h e  u p p e r  s i d e .  Even s o ,  t h e  f a c t  r e m a in s  
t h a t  ë  h o u r s  a f t e r  t h e  a p p a r e b t  l a r g e  i n c r e a s e  i n  I . A . A .  
c o n c e n t r a t i o n  on t h e  l o w e r  s i d e  o f  t h e  r o o t  d u r i n g  
g e o t r o p i s m ,  t h e  r o o t  was once  more g ro w in g  n o r m a l l y .  A l l  
t r a c e  o f  a n y  i n h i b i t o r y  I . A . A .  c o n c e n t r a t i o n  h a d  d i s a p p e a r e d  
T h i s  s u r e l y  s u g g e s t s  t h a t ,  u n l e s s  t h e  a c t i v i t y  o f  t h e
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enzyme r e s p o n s i b l e  f o r  I . A . A .  d e s t r u c t i o n  h ad  b ee n  g r e a t l y  
i n c r e a s e d  i n  some way, t h e  c a l c u l a t e d  o r i g i n a l  i n c r e a s e  
i n  I . A . A .  c o n c e n t r a t i o n  was n o t  as  g r e a t  a s  i t  a p p e a r e d  
t o  b e .  T h is  p o i n t  a g a i n  l e a d s  to  t h e  t h e o r y  t h a t  some 
o t h e r  s y s t e m  i n  t h e  r o o t  was i n f l u e n c e d  by  g r a v i t y  and 
m a g n i f i e d  t h e  e f f e c t  o f  t h e  o r i g i n a l  o r  s l i g h t l y  i n c r e a s e d  
I . A . A .  c o n t e n t  o f  t h e  r o o t .  The g r e a t e s t  change  i n  t h e  
s y s t e m  o c c u r r e d  on t h e  lo w e r  s i d e  o f  t h e  r o o t  and was 
m a n i f e s t  as  a  c o n s i d e r a b l e  g ro w th  i n h i b i t i o n #
H .M .S .P .
An a n t i - a u x i n ,  s u c h  as H .M .S .P .?  i s  t h o u g h t  t o  b l o c k  
t h e  a c t i o n  o f  a u x i n  by  o c c u p y in g  i t s  p l a c e  i n  some s y s t e m  
c o n c e r n e d  w i t h  g r o w t h  i n  t h e  p l a n t .  An a n t i - a u x i n ,  owing 
t o  i t s  m o l e c u l a r  s t r u c t u r e ,  p o s s e s s e s  t h e  power t o  o c c u p y  
t h i s  p o s i t i o n ,  b u t  owing t o  some m o l e c u l a r  d e f i c i e n c y  o r  
d i f f e r e n c e  l a c k s  t h e  power t o  t a k e  an  a c t i v e  p a r t  i n  t h e  
g r o w t h  r e a c t i o n .
H .M .S .P .  a n t a g o n i s e d  t h e  e f f e c t  o f  an  i n h i b i t o r y  
c o n c e n t r a t i o n  o f  ad d ed  a u x i n  i n  r o o t  s e c t i o n s  and w ho le  
r o o t s ,  (A b e rg ,  1950 and  p r e s e n t  r e s e a r % ITormal o r  
s t i m u l a t e d  g ro w t h  r e s u l t e d ,  d e p e n d in g  on t h e  c o n c e n t r a t i o n  
o f  H .M .S .P .  u s e d .  H . M . S . P . ,  a l s o ,  a t  some c o n c e n t r a t i o n s  
c a u s e d  s t i m u l a t e d  g ro w th  when a p p l i e d  a l o n e  t o  v^hdle, 
a t t a c h e d  r o o t s .  S in c e  t a e  a n t a g o n i s m  o f  t h e
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n a t u r a l  hormone i n  t h e  p e a  r o o t  r e s u l t e d  i n  i n c r e a s e d  
g r o w th ,  t h e  n o rm a l  hormone c o n c e n t r a t i o n  i n  t h e  root^V  
a p p e a r e d  to  he s u p r a - o p t i m a l .
The g e n e r a l  t e r m  "hormone" i s  u s e d  i n  t h e  f o l l o w i n g  
d i s c u s s i o n ,  s i n c e  H .M .S .P .  i s  known t o  a n t a g o n i s e  a l s o  t h e  
a c t i o n  o f  g ro w th  s u b s t a n c e s  o t h e r  t h a n  I .A .A ,
I t  was p o s s i b l e  t o  t r a c e  an i n c r e a s e  i n  g e o t r o p i c  
c u r v a t u r e  w i t h  a  d e c r e a s e  i n  t h e  H .M .S .P .  c o n c e n t r a t i o n  
u s e d  t o  t r e a t  r o o t s . 100 p . p . m .  H .M .S .P .  seemed to  r e d u c e
t h e  hormone c o n t e n t  o f  t h e  r o o t  t o  s u c h  a  low Iw ve l  t h a t ,  
w h i l s t  gro\\Tkh was s i m i l a r  t o  t h a t  o f  u n s t i m u l a t e d  c o n t r o l  
r o o t s ,  t h e r e  was i n s u f f i c i e n t  hormone on t h e  low er  s i d e  o f  
t h e  r o o t  to  p l a y  any  s i g n i f i c a n t  p a r t  i n  t h e  g e o t r o p i c  
r e a c t i o n ,  w i t h  t h e  r e s u l t  t h a t  no c u r v a t u r e  t o o k  p l a c e .
The a n t a g o n i s t i c  a c t i o n  o f  50 and 10 p . p . m .  B .M .S .P .  wa^ 
n o t  c o m p l e t e .  The a p p l i c a t i o n  o f  e i t h e r  c o n c e n t r a t i o n  to  
a  r o o t  r e s u l t e d  i n  some c u r v a t u r e  a f t e r  g e o t r o p i c  
s t i m u l a t i o n ,  a p p a r e n t l y  i n d i c a t i n g  t h e  p r e s e n c e  o f  a  
somewhat i n h i b i t o r y  hormone c o n c e n t r a t i o n  on t h e  low er  s i d e  
o f  t h e  r o o t  t o g e t h e r  w i t h  a  s t i m u l a t o r y  c o n c e n t r a t i o n  on 
t h e  u p p e r  s i d e .  ( C o n c e n t r a t i o n s  e s t i m a t e d  f ro m  a  s t u a y  o f  
t h e  g ro w th  o f  t h e  t r e a t e d  r o o t  compared  w i t h  t h a t  o f  c o n t r ô l e r  
The f a c t  t h a t  a p p l i c a t i o n  o f  e i t h e r  o f  t h e  two low er  
c o n c e n t r a t i o n s  o f  t h e  a n t i - a u x x n ,  (30  and 10 p . p . m . ) ,  
a f f e c t e d  t h e  grovrth  o f  t h e  u p p e r  and low er  h a l v e s  o f  a
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h o r i z o n t a l  r o o t  t o  a  d i f f e r e n t  e x t e n t  t h e r e f o r e  a p p e ^ e d  
t o  i n d i c a t e  t h a t  l a r g e  c h a n g e s  i n  hormone c o n c e n t r a t i o n  
h a d  o c c u r r e d  a s  a  r e s u l t  o f  g r a v i t a t i o n a l  s t i m u l a t i o n .  
However ,  t h e  horm one c o n c e n t r a t i o n  d i f f e r e n c e s ,  ( a b o u t  100 
t i m e s  i n  t h e  c a s e  dif I . A . A . ) ,  b e tw e e n  t h e  y p p e r  and low er  
s i d e s  o f  t h e  r o o t  e s t i m a t e d  t o  be n e c e s s a r y  t o  a c c o u n t  f o r  
t h e  o b s e r v e d  g ro w t h  a r e  t h o u g h t  t o  be im p r o b a b l y  l a r g e .
I t  i s  c o n s i d e r e d  more l i k e l y  t h a t  u n i l a t e r a l  g r a v i a t i o n a l  
s t i m u l a t i o n  c a u s e d  some change  i n  t h e  " s e n s i t i v i t y "  o f  t h e  
c e l l s  to w a rd s  h o rm o n e s ,  p a r t i c u l a r l y  on t h e  lo w er  s i d e s  o f  
t h e  r o o t . B ecau se  H .M .S .P .  h a d  r e d u c e d  t h e  e f f e c t i v e  
o v e r a l l  horm one c o n c e n t r a t i o n  c o n s i d e r a b l y ,  g r o w th  o f  t h e  
low er  s i d e  o f  t h e  t r e a t e d  r o o t  was l e s s  i n h i b i t e d  t h a n  
n o r m a l  w h i l s t  growbh o f  t h e  u p p e r  s i d e  was a c t u a l l y  
s t i m u l a t e d .  T re a tm e n t  w i t h  100 p l p . m .  H .M .S .P .  r e d u c e d  
t h e  horm one c o n t e n t  o f  t h e  r o o t  t o  s u c h  a  low l e v e l  t h a t ,  
i n  s p i t e  o f  t h e  changed  s t a t e s  o f  t h e  r o o t  a f t e r  g e o t r o p i c  
s t i m u l a t i o n ,  l a c k  o f  s u f f i c i e n t  e f f e c t i v e  hormone r e s u l t e d  
i n  no g r o w t h  i n h i b i t i o n  on t h e  lo w er  s i d e  o f  t h e  r o o t  
and  t h e r e f o r e  no c u r v a t u r e .
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These  r e s u l t s  o f  t h e  g e o t io  p i c  r e a c t i o n s  o f  r o o t s  
t r e a t e d  w i t h  H .M .S .P .  showed t h a t  a u x i n ,  or  some s i m i l a r  
ho rm one ,  was v i t a l l y  co n c en n e d  w i t h  t h e  grovrth  w h ich  to o k  
p l a c e  d u r i n g  g e o t r o p i s m ,  h u t  a g a i n ,  i t  a p p e a r e d  t h a t  
some o t h e r  s y s t e m  v/as p r i m a r i l y  c o n c e r n e d  w i t h  g e o ­
p e r c e p t i o n  and t h a t  t h e  hormone e x e r t e d  i t s  grovrth  e f f e c t  
on t h i s  ch an g ed  s y s t e m .
R e s u l t s  o f  e x p e r i m e n t s  i n  vrhich H .M .S .P .  was a p p l i e d  
to  r o o t s  t o g e t h e r  w i t h  an i n h i b i t o r y  c o n c e n t r a t i o n  o f
I .A .A .  or  2 , 4 - D .  showed t h a t  t h e  a n t i - a u x i n  d i d  n o t  m e r e ly  
a c t  by  p r e v e n t i n g  t h e  hormones  f ro m  g a i n i n g  a c c e s s  t o  t h e  
g ro w th  s y s t e m .  Grovrth was i n h i b i t e d  a t  f i r s t ,  show ing  
t h a t  t h e  horm ones  w ere  a f f e c t i n g  i t  and t h e n  g r a d u a l l y  
grovrth  in c r e a . s e d  t o  a  f a i r l y  n o rm a l  l e v e l ,  as t h e  a n t a g o n i s t  
became e f f e c t i v e .  The p r e v e n t i o n  o f  c o n t i n u e d  i n h i b i t i o n  
s u g g e s t e d  t h a t  H .M .S .P .  vras 8. c t u a l l y  i n c o r p o r a t e d  i n t o  
t h e  g ro w th  s y s t e m  i n  p r e f e r e n c e  t o  e i t h e r  o f  t h e  h i g h  
c o n c e n t r  a t i o n s  o f  t h e  h o rm o n e s .
H .M .S .P .  c o u l d  s u c c e s s f u l l y  a n t a g o n i s e  a  hormone 
c o n c e n t r a t i o n  e q u a l  t o  t h a t  a p p l i e d  e x t e r n a l l y  i n  jrhe 
e x p e r i m e n t s ,  b u t  i t  c o u l d  n o t  d e a l  v r i th  t h a t  c o n c e n t r a t i o n  
p l u s  t h e  hormone c o n c e n t r a t i o n  n a t u r a l l y  . p r e s e n t  i n  t h e  
r o o t .  T h e r e f o r e ,  a f t e r  g r a v i t a t i o n a l  s t i m u l a t i o n ,  a  
f a i r l y  n o rm a l  g e o t r o p i c  r e a c t i o n  o c c u r r e d  i n  t h e  t r e a t e d
175
r o o t  and t h e  c o n c e n t r a t i o n  o f  hormone p r e s e n t  a p p e a r e d  t o  
he o n l y  s l i g h t l y  l e s s  t h a n  t h a t  i n  c o n t r o l  r o o t s .  A 
s t r o n g e r  s o l u t i o n  o f  Î J .M .S .P .  would  p r o b a b l y  h a v e  a n t a g o n i s e d  
a l l  h o r m o n a l  a c t i o n ,  b u t  i t  was n o t  u s e d  b e c a u s e  t h e  
a d d i t i o n  o f  two s o l u t i o n s  a t  su c h  h i g h  c o n c e n t r a t i o n s  as  
t h e  horm one and i t s  a n t a g o n i s t  would  h a v e  r e s u l t e d  i n  a  
v e r y  h i g h  n o n - p h y s i o l o g i c a l  t o t a l  c o n c e n t r a t i o n .
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CQHCLUSIQHS.
The a c t u a l  g ro w th  r e a c t i o n  o f  t h e  r o o t ,  i n  r e s p o n s e  
t o  g r a v i t a t i o n a l  s t i m u l a t i o n ,  o c c u r s  j u s t  b e h i n d  t h e  r o o t  
t i p  i n  t h e  r e g i o n  o f  c e l l  e x t e n s i o n .  S in c e  hormones a r e  
known t o  h av e  an  e f f e c t  on c e l l  e l o n g a t i o n  i t  would  seem 
r e a s o n a b l e  t o  t r y  t o  a c c o u n t  f o r  t h i s  d i f f e r e n t i a l  g ro w th  
i n  te rm s  o f  a  r e d i s t r i b u t i o n  o f  a  grovrth  ho rm one .  The 
Went C ho lodny  t h e o r y  was t h e  outcome o f  much r e s e a r c h  
t o  p r o v e  t h a t  s u c h  a  r e d i s t r i b u t i o n  a c t u a l l y  d i d  o c c u r  
u n d e r  t h e  i n f l u e n c e  o f  g r a v i t y  and r e s u l t  i n - c u r v a t u r e .
The p r e s e n t  i n v e s t i g a t i o n  was c a r r i e d  o u t  t o  t r y  to  
d e c i d e  w h e th e r  a  s i m p l e  hormone r e d i s t r i b u t i o n  was l i k e l y .  
The m ethod u s e d  seemed t h e  m ost  s a t  i s  f a c t  d r y  t o  d a t e .
Whole s e e d l i n g s  i n s t e a d  o f  i s o l a t e d  p a r t s  were s t u d i e d .
From t h i s  s t u d y  o f  g e o t r o p i s m  t h e  f o l l o w i n g  f a c t s  emerged
I
1)  The p r e s e n c e  o f  I . A . A . ,  o r  some s i m i l a r  hormone,  was 
n e c e s s a r y  f o r  t h e  g ro w th  r e s p o n s e  t o  t h e  s t i m u l a s  o f  
o f  g r a v i t y .  (A n tag o n ism  o f  hormone a c t i o n  by  N .M .S .P .  
r e s u l t e d  i n  a  r e d u c e d  o r  n e g l i g i b l e  g e o t r o p i c  r e a c t i o n ) .
2 )  T h e re  was no s t i m u l a t i o n  o f  g ro w th  d u r i n g  a  n o rm al  
g e o t r o p i c  r e a c t i o n .  The u p p e r  s i d e  grew  n o r m a l l y  a t  
f i r s t ,  w h i l s t  t h e  g ro w th  o f  t h e  low er  s i d e  o f  t h e  
r o o t  v/as v e r y  i n h i b i t e d .
3)  F o r  g ro iv th  t o  be i n t e r p r e t e d  i n  te rm s  o f  hormone 
r e g u l a t i o n  i t  must t h e r e f o r e  be assumed t h a t  no
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r e d i s t r i b u t i o n  o f  e x i s t i n g  hormone to o k  p l a c e ,  b u t  
r a t h e r  t h a t  t h e r e  was a  l a r g e  i n c r e a s e  i n  t h e  hormone 
c o n t e n t  o f  t h e  lo w er  h a l f  o f  t h e  r o o t .
4 )  Dmring t h e  a u t o t r o p i c  r e a c t i o n ,  g ro w th  was q u i t e
p o s s i b l y  r e g u l a t e d  by  some f a c t o r  o t h e r  t h a n  a  h o rm o n e .  
E)  On c o m p l e t i o n  o f  t h e  a u t o t r o p i c  r e a c t i o n ,  n o rm a l  g ro w t h  
to o k  p l a c e ,  i n d i c a t i n g  t h a t  a l l  i n h i b i t o r y  e x c e s s  
hormone h a d  disappeajrecQp
The r a t i o s  o f  hormone c o n c e n t r a t i o n s  on t h e  u p p e r  
and  lŒver s i d e s  o f  t h e  r o o t ,  p u t  f o r w a r d  i n  s u p p o r t  o f  
t h e  Went Cholodn^r t h e o r y ,  a r e  n o t  s u f f i c i e n t  t o  e x p l a i n  
t h e  l a r g e  d i f f e r e n c e s  o f  10  t o  100  t i m e s  e s t i m a t e d  to  
o c c u r  i n  t h i s  r e s e a r c h .  T h is  s u d d e n  e s t i m a t e d  g r e a t  
i n c r e a s e  i n  c o n c e n t r a t i o n ,  e s p e c i a l l y  on t h e  low er  s i d e  
o f  t h e  r o o t ,  t o g e t h e r  w i t h  t h e  f a c t  t h a t  4 h o u r s  l a t e r  no 
e x c e s s  hormone a p p e a r e d  t o  be p r e s e n t , ( a f t e r  t h e  a u t o ­
t r o p i c  r e a c t i o n ) ,  s u g g e s t s ,  t h a t  w h i l s t  s m a l l  d i f f e r e n c e s  
i n  hormone c o n c e n t r a t i o n  m ig h t  o c c u r  as a  r e s u l t  o f  
a  c h a n g e ,  p e r h a p s  i o n i c ,  i n  t h e  p r o t o p l a s m ,  t h e i r  e f f e c t ,  
or  t h a t  o f  t h e  o r i g i n a l  hormone c o n c e n t r a t i o n , w a s  
m a g n i f i e d  by  some o t h e r  ch an g e  i n  t h e  p h y s i c a l  o r  c h e m i c a l  
c o m p o s i t i o n  o f  t h e  p r o t o p l a s m  v/hich was i n f l u e n d e d  by  t h e  
u n i l a t e r a l  f o r c e  o f  g r a v i t y .  Such  a  change  h a s  b een  
t e rm e d  an i n c r e a s e  i n  t h e  " s e n s i t i v i t y "  o f  t h e  p r o t o p l a s m  
to w a r d s  t h e  g r o w t h  hormone p r e s e n t  i n  t h e  r o o t .  The 
chan g e  o c c u r r e d  m a i n l y  on t h e  s i d e  o f  t h e  r o o t  w h ic h  was
178
l o w e rm o s t  d u r i n g  e x p o s u r e  to  t h e  u n i l a t e r a l  f o r c e  o f  
g r a v i t y  and r e s u l t e d  i n  v e r y  c o n s i d e r a b l e  i n h i b i t i o n  o f  
g r o w t h .
A u x in ,  o r  some s i m i l a r  ho rm one ,  p l a y s  a  v i t a l  p a r t  
i n  t h e  g e o t r o p i c  r e a c t i o n ,  b u t  w h i l s t  t h e  p r e s e n c e  or  
a b s e n c e  and c o n c e n t r a t i o n  o f  t h e  g r o w t h  s u b s t a n c e  d e t e r m i n e  
t h e  d e g r e e  o f  t h e  r e a c t i o n ,  some o t h e r  unknoim s y s t e m  i n  
t h e  r o o t , ( t h e  s e n s i t i v i t y  o f  t h e  p r o t o p l a s m ) ,  i s  r e s p o n s i b l e  
f o r  g e o - p e r c e p t i o n  and t h e  i n i t i a t i o n  o f  t h e  r e a c t i o n .
T h e r e f o r e ,  t h e  Went C ho lodny  t h e o r y  o f  s i m p l e  
r e d i s t r i b u t i o n  o f  t h e  e x i s t i n g  hormone w i t h i n  t h e  r o o t  
i s  c o n s i d e r e d  t o t a l l y  i n a d e q u a t e ,  i n  t h e  l i g h t  o f  t h e  
p r e s e n t  r e s u l t s ,  t o  e x p l a i n  t h e  phenomenon o f  g e o t r o p i c  
c u r v a t u r e .  O n ly  t h e  d i s c o v e r y  o f  t h e  p r e c i s e  r o l e  o f  
h o rm ones  i n  r o o t  g r o w t h ,  t o g e t h e r  w i t h  more r e s e a r c h  i n t o  
t h e  r e a c t i o n s  s e t  up i n  t h e  r o o t  by  t h e  f o r c e  o f  g r a v i t y ,  
w i l l  l e a d  t o  a  f u l l  u n d e r s t a n d i n g  o f  g e o t r o p i s m .
APPEÎJDIX.
D e t a i l e d  r e s u l t s  o f  a l l  e x p e r i m e n t s .
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Graph. 1 . R e l a t i v e  g r o w th  o f  r o o t  s e c t i o n s  i n  I . A . A .
p l u s  1 / 2  % s u c r o s e .
I . A . A .  c o n c e n t r a t i o n .  T o t a l  i n c r e a s e  i n  f r e s h  w e i g h t
{as 0^ c o n t r o l s  ) .
1 p . p .n i .  47 «Of 31 .0*  Av. 39 .0
-1
5x10 p . p . m .  7 5 . 0 ,  6 8 . 0 ,  5 4 . 0 ,  3 1 . 0 .  Av. 5 7 . 0
—1
10 p . p . m .  6 7 . 0 ,  7 9 . 0 .  Av. 7 3 . 0
—2
3x10 p . p . m .  7 6 . 7 ,  7 5 . 5 ,  7 6 . 3 ,  8 7 . 0 .  Av. 7 9 . 0
-2
10 p . p . m .  8 6 . 0 , 9 1 . 0 ,  8 9 . 0 ,  8 0 . 0 ,  6 9 . 0 ,
7 3 . 0 , 8 5 . 0 .  Av. 8 2 . 0
-3
10 p . p . m .  9 8 . 4 ,  9 2 . 5 ,  9 9 . 0 .  Av. 9 6 .6
—4
10 p . p . m .  1 1 8 .0 ,  1 0 2 . 0 .  Av. 1 1 0 .0
-5
10 p . p . m .  1 1 6 . 0 ,  1 0 1 . 0 ,  1 0 5 . 0 ,  1 1 0 .4 ,
1 2 1 .0 ,  1 0 4 . 8 ,  1 1 2 . 6 .  Av. 1 1 0 . 1
- 6
10 p . p . m ;  1 0 3 . 7 ,  1 0 5 . 0 .  Av. 1 0 4 .4
ISO
G raph  2 . R e l a t i v e  CTOwth o f  r o o t  s e c t i o n s  i n  2 . 4 - D . 
p l u s  1 / 2  $  s u c r o s e .
2 , 4 - D .  c o n c e n t r a t i o n .  T o t a l  i n c r é a s e  i n  f r e s h  w e ig h t
{sB $  c o n t r o l s  ) .
1 p . p . m .  4 1 . 0
1 -1
10 p . p . m .  4 3 . 0 ,  5 5 . 0 .  Av. .4 9 .0
-2
3x10 p . p . m .  6 8 . 0 ,  5 5 . 0 ,  5 9 . 5 ,  6 1 . 0 ,  6 1 . 0 ,
6 2 . 0 ,  5 1 . 5 ,  5 3 . 0 ,  5 4 . 0 ,  5 2 . 0 ,
5 2 . 5 ,  5 6 . 5 ,  5 4 . 0 ,  5 6 . 5 .  Av. 5 7 . 0
10 p . p . m .  8 0 . 0 ,  7 1 . 0 ,  6 6 . 5 ,  7 8 . 0 ,  7 1 . 0 .
Av. 7 3 . 3
-3
10 p . p . m .  7 4 . 0 ,  8 5 . 0 ,  9 0 . 0 .  Av. 8 3 .0
—4
10 p . p . m .  1 0 1 .0 ,  9 4 . 0 ,  1 0 4 . 0 ,  9 8 . 0 .  Av. 9 9 . 2
-5
10 p . p . m .  1 0 8 . 5 ,  8 7 . 0 ,  1 2 4 . 0 ,  8 4 . 5 ,  9 0 . 0 . -
Av. 9 9 . 0
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G rap h  3 .  R e l a t i v e  g r owth o f  r o o t  s e c t i o n s  i n  H .H .S .P .
p l u s  1 / 2  % s u c r o s e .
H .M .S .P .  c o n c e n t r a t i o n .  T o t a l  i n c r e a s e  i n  f r e s h  w e i g h t
( a s  $  c o n t r o l s  ) .
100 p . p . m .  5 7 . 0 ,  5 4 . 0 ,  7 1 . 0 ,  8 3 . 5 ,  8 7 . 5 ,
1 0 8 .5 ,  9 7 . 0 ,  7 7 . 0 ,  8 4 . 5 ,  9 8 . 0 ,
8 1 . 0 ,  7 2 . 0 .  Av. 8 0 .9
30 p . p . m .  1 1 3 .0 ,  1 0 7 . 5 ,  1 0 9 . 0 ,  1 1 4 . 5 ,
1 0 7 . 0 ,  1 1 9 . 0 ,  1 1 6 . 0 ,  9 4 . 0 ,
1 1 7 . 0 ,  Av. 1 1 0 .8
10 p . p . m .  1 1 3 .0 ,  1 2 4 . 0 ,  1 0 8 . 5 ,  1 0 5 . 5 ,
1 1 1 .5 , '  1 1 6 . 5 ,  1 0 7 . 0 ,  1 0 9 .0 ,
1 0 6 . 5 ,  1 1 2 . 5 ,  9 4 . 0 .  Av. 1 0 9 .8
1 p . p . m .  ' 8 5 . 0 ,  1 0 8 . 0 ,  1 0 1 . 0 ,  8 6 . 5 .
Av. 9 5 . 1
-1
10 p . p . m .  1 0 6 .5 ,  1 0 1 . 0 ,  1 0 2 . 5 ,  9 6 . 5 .
Av. 1 0 1 .6
—2
10 p . p . m .  8 6 . 0 ,  9 1 . 0 ,  9 4 . 0 ,  9 0 . 0 .
Av. 9 0 . 3
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Graphs  4 .  5 and  6 • Growth  o f  r o o t  s e c t i o n s  i n  H .M .S .P .
p l u s  2 ,4 - D  p l u s  1 / 2  % s u c r o s e .
0 - 1 0  h o u r s .
C o n c e n t r a t i o n .  T o t a l ^ i n c r e a s e  i n  f r e s h  w e i g h t
C o n t r o l s .  5 3 . 0 ,  5 9 . 0 ,  4 9 . 0 .
100 p . p . m . H . M . S . P .  5 7 . 0 ,  5 0 . 0 ,  4 0 . 0 .
30 p . p . m . H . M . S . P .  5 7 . 0 ,  4 8 . 0 ,  5 1 . 0 .
10 p . p . m . H . M . S . P .  6 7 . 0 ,  7 5 . 0 ,  3 6 . 0 .
^2
3x10 p . p . m . 2 , 4 - D .  3 9 . 0 ,  4 0 . 0 ,  2 6 . 0 ,  2 8 . 0 ,  3 2 . 0 ,  3 7 . 0 .
—2
3x10 p . p . m . E , 4 - D . )
100 p . p . m .  K .M .S .P )  6 3 . 0 ,  5 3 . 0 ,  3 4 . 0 ,  4 1 . 0 ,  3 8 . 0 ,  4 2 . 0 .  
-2
3x10 p . p . m . 2 , 4 - D . )
30 p . p . m .  F . I ' I .S .P .  ) 5 7 . 0 ,  7 5 . 0 ,  4 1 . 0 ,  4 1 . 0 ,  4 5 . 0 ,  4 2 . 0 .  
-2
3x10  p . p . m . 2 , 4 - D . )
10 p . p . m .  IT .M .S .P . )  5 5 . 0 , 4 6 . 0 ,  3 4 . 0 ,  3 8 . 0 ,  4 1 . 0 ,  4 2 . 0 .
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H .M .S .P .  g l u s  2 , 4 - D .  ( c o n t i n u e d ) *
1 0 -5 0  h o u r s *
C o n c e n t r a t i o n .  T o t a l ^ i n c r e a e e  i n  f r e s h  w e ig h t
C o n t r o l s .  9 2 . 0 ,  1 0 9 . 0 ,  1 0 9 . 0 .
lO O p.p .m .l I .M .S  . P .  8 8 . 0 ,  1 3 2 . 0 ,  8 8 . 0 .
2 0  p . p . m . N . M . S . P .  1 0 8 . 0 ,  1 2 9 . 0 ,  8 9 . 0 .
10 p . p . m . N . M . S . P .  1 1 4 . 0 ,  1 1 7 , 0 ,  1 0 5 . 0 .
—2
3x10 p . p . m . 2 , 4 - D .  5 9 . 0 ,  5 9 . 0 ,  6 5 . 0 ,  6 2 . 0 ,  5 6 . 0 , 7 1 . 0 .
-2
3 x10  p . p . m . 2 , 4 - D . )
100 p .p .m .N .M .S  . P .  ) 7 5 . 0 ,  1 2 8 . 0 ,  1 2 0 . 0 ,  1 2 6 . 0 ,  1 3 6 . 0 ,
1 1 4 . 0 .
—2
3x10  p . p . m . 2 , 4 - D . 4 
30 p .p .m .N .M .S  . P . )  1 2 1 .0 ,  1 0 8 . 0 ,  1 0 8 . 0 ,  1 1 0 . 0 ,  1 2 6 . 0 ,
1 4 1 . 0 .
- 2
3x10 p * p . m . 2 , 4 - D * )
10 p .p .m *H.M ,S*P* ) 1 1 8 . 0 ,  118*0 ,  103*0 ,  1 1 0 .0 ,  1 1 3 . 0 ,
9 7 . 0 .
|8 4
. P .  p l u s  2 , 4 - D .  ( c o n t i n u e d ) .
3 0 -5 0  h o u r s .
C o n c e n t r a t i o n .  T o t a l j i n c r e a s e  i n  f r e s h  w e i g h t
(p':  ^ '
C o n t r o l s .  2 8 . 0 ,  2 2 . 0 ,  2 6 . 0 .
100 p .p .m . î T .M .S .P .  9 . 0 ,  9 . 0 ,  3 0 . 0 .
30 p . p . m . N . H . S . P .  3 2 . 0 ,  1 3 . 0 ,  4 0 . 0 .
10 p .  p.m.lT.M.S .P .  4 . 0 ,  4 . 0 ,  4 8 . 0 .
—2
3x10 p . p . m . 2 , 4 - D .  2 6 . 0 ,  1 7 . 0 ,  1 3 . 0 ,  1 6 . 0 ,  1 5 . 0 ,  1 6 . 0 .
—2
3x10 p . p . m . 2 , 4 - P . )
100 p . p . m . l ^ . M . S . P .  ) 17 . 0 , 3 5 . 0 ,  17 . 0  , 37 . 0 ,  1 8 . 0  , 2 6 . 0 .
- 2
3x10 p . p  . m . 2 , 4 - P .  )
30 p .p .m . I T .M .S .P .  ) 1 9 . 0 ,  5 1 . 0 ,  2 4 . 0 ,  1 9 . 0 ,  2 6 . 0 ,  1 9 . 0 .
- 2
3x10 p . p  . r i i . 2 , 4 - P .  )
10 p .p .m. ir .M.S  .P .  ) 1 4 . 0 ,  2 3 . 0 ,  1 1 . 0 ,  1 6 . 0 ,  2 2 . 0 ,  3 6 . 0 .
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G raphs  7 . 8  and 9 .  GrQWfH o f  r o o t  s e c t i o n s  i n  IT .M .S.P .
p l u s  I . A . A .  p l u s  1 / 2  $  s u c r o s e .
0 - 1 0  h o u r s .
C o n c e n t r a t i o n .  T o t a l / i n c r e a s e  i n  f r e s h  w e i g h t
( a s  . con"!' -T .
C o n t r o l s .  4 4 . 0 ,  5 3 . 0 ,  4 2 . 0 .
100 p . p . m . ¥ . M . S . P .  4 0 . 0 ,  3 7 . 0 ,  3 2 . 0 .
30 p .p  .m.N.M.S. P .  4 8 . 0 ,  4 8 . 0 ,  3 7 . 0 .
10 p . P . m .  i r .M.S .P .  4 4 . 0 ,  5 7 $ 0 ,  2 9 . 0 .
-2
10 p . p . m . I . l . A .  3 7 . 0 ,  3 4 . 0 ,  2 0 . 0 ,  2 7 . 0 ,  2 9 . 0 ,  2 8 . 0 .
—2
10  p . p . m . I . A . A .  )
100 p .p .m .H .M .S  . P . ) 3 3 . 0 ,  2 9 . 0 ,  2 8 . 0 ,  2 3 . 0 ,  2 5 . 0 ,  2 8 . 0 .
—2
10 p . p . m . I . A . A .  )
30 p . p . m . i r . M . S . P . )  3 9 . 0  , 3 5 . 0 ,  4 2 . 0  , 2 6 . 0 ,  3 5 . 0  , 4 0 . 0 .
-2
10 p . p . m . I . A . A .  )
10 p . p . m . ¥ . H . S . P . ) 3 5 . 0 ,  3 4 . 0 ,  3 1 . 0 ,  4 0 . 0 ,  3 3 . 0 ,  2 8 . 0 .
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IT.M .S.P .  p l u s  I . A . A .  ( c o n t i n u e d ) .
1 0 -5 0  h o u r s .
C o n c e n t r a t i o n .  T o t a l ^ i n c r e a s e  i n  f r e s h  w e i g h t
C p n t r o l s .  1 1 4 . 0 ,  1 0 8 . 0 ,  1 0 5 . 0 .
100 p . p . m . F . M . S . P .  1 1 2 . 0 ,  8 0 . 0 ,  7 0 . 0 .
30 p . p . m . K . M . S . P .  1 1 8 . 0 ,  1 2 0 . 0 ,  1 1 1 . 0 .
10  p . p . m . K . M . S . P .  1 2 7 . 0 ,  1 2 7 , 0 ,  1 0 9 . 0 .
10 p . p . m . I . A . A .  7 4 . 0 ,  9 3 . 0 ,  5 9 . 0 ,  8 5 . 0 ,  8 0 . 0 ,  5 7 . 0 .
—2
10 p . p . m . I . A . A .  )
100, p . p . m . E . M .8  . P .  ) 9 4 . 0 ,  8 6 . 0 ,  8 8 . 0 ,  8 4 . 0 ,  1 0 4 . 0 ,  7 0 . 0 .
-2
10 p . p . m . I . A . A .  )
30 p . p . m . F . M . S . P . )  9 9 . 0 ,  E I l . O ,  1 1 3 . 0 ,  1 2 3 . 0 ,  1 3 2 . 0 ,
100.0 .
—2
10 p . p . m . I . A . A .  )
10 p .p .m .M .M .8 . P . ) 1 0 3 . 0 ,  1 1 5 . 0 ,  1 1 5 . 0 ,  1 0 7 . 0 ,  1 1 4 . 0 ,
1 1 7 . 0 .
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F .M .S .P .  p l u s  I . A . A .  ( c o n t i n u e d ) . '  
3 0 -5 0  h o u r s .
C o n c e n t r a t i o n .  
C o n t r o l s .
100 p . p . m . F . M . S  .P .  
30 p . p . m . F . M . S . P .  
10 p . p . m . F . M . S  . P i  
10 p . p . m . I . A . A .
—2
10 p . p . m . I . A . A .  
100 p .p .m .F .M , .S  .P .
—2
10 p . p . m . I . A . A .
30 p .p .m . îT .M .S . P .
- 2
10 p . p . m . I . A . A .  ) 
10 p . p . m . i r . M . S . P .  )
% i n c r e a s e  i n  f r e s h  w e i g h t  
d u r i n g  p e r i o d .
1 1 4 . 0 ,  3 7 . 0 ,  6 4 . 0 .
2 1 . 0 ,  4 5 . 0 ,  5 0 . 0 .
4 4 . 0 ,  6 2 . 0 ,  8 2 . 0 .
1 7 . 0 ,  3 8 . 0 ,  8 7 . 0 .
1 7 . 0 ,  2 8 . 0 ,  5 7 . 0 ,  6 1 . 0 ,  6 2 . 0 ,  3 1 . 0 .
7 5 . 0 ,  4 1 . 0 ,  7 6 . 0 ,  8 9 . 0 ,  9 7 . 0 ,  9 9 . 0 .
6 5 . 0 ,  6 9 . 0 ,  6 3 . 0 ,  1 0 0 . 0 ,  1 1 0 . 0 ,  9 3 . 0 .
3 7 . 0 ,  5 0 . 0 ,  8 1 . 0 ,  9 7 . 0 ,  1 4 1 . 0 ,  7 1 . 0 .
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G raph  1 0 .  B e o t r o p i c  r e a c t i o n  i n  d a y l i g h t  and  r e d  l i g h t , 
S t i i m x l a t i o n  t i m e : -  0 - 0 : 4 0  h o u r s .
T im e.  Fumher o f  r o o t s  o b s e r v e d  t o  c u r v e ( a s  % t o t a l  n o . )  
( h o u r s
and  D a y l i g h t  a t  IS .b '^C  Red l i g h t  a t  1 2 .5 °C
m i n s . )
1 :1 0 2 5 . 0 -
1 : 2 0 4 3 . 8 -
1 : 4 0 6 2 .6 -
1 : 5 0 8 1 .2 4 6 .5
2 : 0 0 8 7 .8 -
2 : 2 2 8 7 . 8 -
3 :2 0 8 7 . 8 5 4 . 0
3 :4 5 8 7 . 8 3 8 .5
4 : 1 8 87 .8 3 8 .5
4 : 4 8 6 8 .8 3 8 .5
G raph  1 1 .  T e m p e r a tu r e  e f f e c t  on g e o t r o t i c  r e a c t i o n .  
S t i m u l a t i o n  t i m e : -  0-10:40 h o u r s .
T im e,  
( h o u r s  
and 
m i n s . ) 
0 : 5 0
1 :0 8




4 : 2 1
5 :1 5
6 :30
Fumber o f  r o o t s  o b s e r v e d  t o  c u r v e  ( a s  fo t o t a l  n o . )  
D a y l i g h t  a t  1 7 . 5 ^ 0  A r t i f i c i a l  l i g h t  a t  12.5*^0 
6.0 —
1 3 . 0  6 . 0
5 6 . 0  2 6 . 8  
6 2 .6
8 1 . 1
8 1 . g 4 9 . 3
6 8 .8  7 0 . 5
5 1 . 0  6 5 . 0
4 3 . 8  6 5 . 0
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Graph 1 2 . Tem perature  e f f e c t  on geo t r o p i c r e a c t i o n .
S t i m u l a t i o n  t i m e s -  0 -0 :4 0  h o u r s .
Tim e .  Fumher o f  r o o t s  o b s e r v e d  t o  c u r v e ( as % t o t a l  n o . )  
( h o u r s
and D a y l i g h t  a t  1 8 .5 ° C  A r t i f i c i a l  l i g h t  a t  1 5 .0°C
m i n s . )
1 : 1 1 2 1 .2 7 . 2
1 : 5 5 57 .2 4 2 . 8
1 :4 8 6 4 . 2 4 2 . 8
2 : 1 8 7 8 . 5 -
2 : 5 8 8 5 .7  8 5 .7 5 7 . 2
5 :00 9 5 . 0 7 1 .5
5 : 4 2 9 3 . 0 9 5 . 0
4 : 0 9 8 5 .7 9 3 . 0
4 :58 7 1 . 5 8 5 .7
5 :35 3 6 .7 6 4 . 2
6 : 0 8 36 .7 6 4 . 2
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Graph 1 5 . G eo tro p ic  r e a c t i o n  i n  l i g h t  and d a rk  a t  same temp.
S t i m u l a t i o n  t im e s -  0 -0 :4 0  h o u r s .
R o o t s  i n  d a y l i g h t . 1 .
T im e. Fumher o f  r o o t ;
1 :0 6 1 2 .5
1 :2 4 2 5 . 0
1 :5 6 4 3 . 8
1 : 4 0 5 0 . 0
2 :0 6 6 8 . 8
2 :3 6 7 5 . 0
4 :1 5 7 5 . 0
4 : 5 0 6 2 .6
6 : 1 8 5 0 . 0
7 :42 3 1 .2
R o o t s i n  d a y l i g h t .
T im e. Fumber o f  ro o i
1 :1 2 3 3 . 3
1 :2 7 5 0 . 0
1 :3 9 5 8 . 4
2 : 0 0 7 5 . 0
2 : 4 8 9 1 .7
3 :3 9 9 1 .7
4 :42 5 0 . 0
5 : 0 0 3 3 .3
6 :1 5 3 3 .3
2 .
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Graph 13 ( c o n t in u e d )
R o o t s  i n  d a r k .  1 .
T im e.  Fumber o f  r o o t s  o b s e r v e d  t o  c u r v e ( as  % t o t a l  n o . )
1 :0 9  3 6 . 7
1 : 2 1  4 2 . 8
1 : 3 0  5 7 . 2
1 :4 8  7 8 .5
2 : 1 8  8 5 .7
4 :C #  8 5 .7
4 :5 7  7 1 . 5
6 : 0 0  5 7 . 2
7 : 0 0  4 2 . 8
8 :2 7  2 8 . 3
R o o t s  i n  d a r k . 2 .
T im e.  Fumber o f  r o o t s  o b s e r v e d  t o  c u r v e ( as  ^  t o t a l  n o . )
1 : 2 1  3 3 .3
1 :3 6  - 4 6 . 8
2 :12 6 6 .6
3 :1 5  7 3 . 4
3 :4 8  8 0 . 0
5 :00  4 6 . 8
5 : 2 1  4 0 . 0
6:18  33 .3
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Graph 1 4 . G e o t ro p ic  r b a c t i o n  i n  10 p .p .m .  I .A .A .
S t i m u l a t i o n  t i m e : -  0-»0:40 h o u r s .
C o n t r o l  r o o t s .
T im e .  Fumber o f  r o o t s  o b s e r v e d  t o  c u r v e ( a s  $  t o t a l  n o . )
1 :01 h r s . 2 5 . 0
1 : 1 1  5 0 . 0
1 :2 4 0  5 6 . 3
1 : 3 1  7 5 . 0
1 :3 7  8 1 . 3
4 :1 9  8 1 . 3
4 : 3 3  7 5 . 0
5 : 0 6  6 9 . 0
6 :5 7  6 9 . 0
6 : 3 3  6 2 .5
—2
R o o t s  t r e a t e d  w i t h  10 p . p . m .  I . A . A .
T im e.  Fumber o f  r o o t s  o b s e r v e d  t o  c u r v e ( fo t o t a l  n o . )
1 :05 h r s  . 0
1 : 4 0  1 2 .5
2 : 2 0  3 7 .5
3 :0 2  4 3 .7
4 :1 7  4 3 .7
4 :37 37 .5
5 : 2 2  3 7 .5
6 :0 7  2 5 . 0
6:36 2 5 .0
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Graph 15. G eo tro p ic  r e a c t i o n  i n  10 p .p .m .  I .A .A .
S t i m u l a t i o n  t i m e : -  0 - 0 :40 h o u r s .
C o n t r o l  r o o t s .
T im e .  Fumber o f  r o o t s  o b s e r v e d  t o  c u r v e ( as  % t o t a l  n o . )
1 :2 8  h r s  1 4 . 3
1 : 5 6  5 7 . 2
2 : 1 1  7 8 . 5
3 :1 6  7 8 .5
3 :3 4  7 1 . 4
4 :0 7  7 1 . 4
4 :4 6  5 7 . 2
5 : 0 1  5 7 . 2
5 : 3 2  5 0 . 0
6 : 0 1  5 0 . 0
-3
R o o t s  t r e a t e d  w i t h  10 p . p . m .  I . A . A .
T im e .  Fumber o f  r o o t s  o b s e r v e d  t o  c u r v e ( as  % t o t a l  n o . )
1 :2 4  6 .7
1 :5 2  4 6 .7
2 : 0 8  6 6 .5
2 :2 4  7 3 . 5
2 : 4 2  ' 8 0 .3
3 :1 9  8 0 . 3
3 :5 4  6 0 . 0
4 :4 7  6 0 . 0




Graph 16. G eo t ro p ic  r e a c t i o n  i n  10 p .p .m .  I .A .A .
S t i m u l a t i o n  t i m e : -  0 -0 :4 0  h o u r s .
C o n t r o l  r o o t s .
T im e .  Humber o f  r o o t s  o b s e r v e d  to  c u r v e ( a s  % t o t a l  n o . )
1 :21  h r s . 2 8 .5
1 :4 2  5 0 . 0
2 :0 9  6 4 .4
2 :4 6  7 1 .5
3 : 5 1  7 1 . 5
4 :1 5  6 4 .4
4 : 3 8  6 4 .4
5 :1 4  5 6 . 1
6 : 2 1  5 6 . 1
—4
R o o t s  t r e a t e d  w i t h  10 p . p . m .  I . A . A .
T im e .  Humber o f  r o o t s  o b s e r v e d  t o  c u r v e ( a s  % t o t a l  n o . )
1 : 1 1  h r s .  1 4 . 3
1 :2 5  2 8 .5
1 :3 9  6 4 .4
1 :4 5  7 1 . 5
2 :0 4  9 3 . 0
2 :5 9  1 0 0 . 0
4 : 1 0  ICDO.O
4 : 3 4  8 6 . 0
5 : 1 0  7 8 .5
5 : 4 9  7 1 .5
6 :20  71.5
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G raph  1 7 . G e o t r o p i c  r e a c t i o n  i n  10 p . p . m .  I . A . A .  
S t i m u l a t i o n  t i m e : -  0 - 0 : 4 0  h o u r s  
C o n t r o l  r o o t s .
T im e .  Humber o f  r o o t s  o b s e r v e d  t o  c u r v e ( a s  % t o t a l  n o . )
1 :0 2  h r s . 2 0 . 0
1 :0 9  4 0 . 0
1 :1 3  6 0 . 0
1 :2 4  7 3 . 5
1 :4 6  8 0 . 3
2 : 3 4  8 6 . 8
3 :5 8  8 6 . 8
4 :2 5  8 0 . 3
4 : 4 3  7 3 . 5
5 :1 7  6 6 .5
6 : 1 5  6 6 .5
—5
R o o t s  t r e a t e d  w i t h  10 p . p . m .  l . A . A .
T im e.  Humber o f  r o o t s  o b s e r v e d  t o  c u r v e ( a s  % t o t a l  n o . )
1 : 0 5  2 1 .5
1 :07  4 2 . 8
1 :1 5  5 0 . 0
1 :2 2  - 7 8 . 5
1 :2 9  9 3 . 0
2 : 3 2  1 0 0 .0
3 :5 2  1 0 0 .0
3 :5 2  9 3 . 0
4 : 2 4  7 8 .5
6:09  78 .5
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Graph 18> G eo tro p ic  r e a c t i o n  i n  10 p .p .m .  l .A .A .
S t im u l a t i o n  t i m e : -  0 -0 :4 0  h o u r s .
Co n t r o l  r o o t s .
T im e . Fumber o f  r o o t s  o b s e r v e d  t o  c u r v e ( a s  % t o t a l  n o . )
1 : 1 2  h r s .  1 3 .3
1 :17  2 0 . 0
1 :3 1  4 0 . 0
1 :3 7  5 3 . 4
2 :0 6  6 6 .6
2 :2 7  7 3 . 4
2 :3 7  8 0 . 1
3 :3 5  8 0 . 1
4 :0 7  7 3 . 4
4 :2 2  6 6 . 6
5 :50 6 0 . 0
-6
R o o t s  t r e a t e d  v / i t h  10 p . p . m .  l . A . A .
T im e.  Fumber o f  r o o t s  o b s e r v e d  t o  c u r v e ( as  % t o t a l  n o . )
1 : 0 8  h r s .  1 8 .8
1 :1 5  3 7 .5
1 : 2 8  5 6 .4
1 :3 3  6 2 . 5
1 :4 4  8 1 .3
2 :1 5  9 4 . 0
2 :5 5  9 4 . 0
4 :0 5  7 5 . 0
5 : 0 2  6 2 .5
5 :4 7  5 0 . 0
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G raph  1 9 ,  Growth r a t e s  o f  v e r t i c a l  w h o le  r o o t s .
G row th  r a t e s  e x p r e s s e d  i n  ^ / m i n u t e .
E a c h  r a t e  i s  t h a t  o f  one r o o t .
H o u r l y  p e r i o d s . G row th  r a t  es  dur ing:  t h i s  p e r i o d .
1 s t .  1 1 . 6 8 ,  9 . 6 9 ,  1 0 . 3 2 ,  8 . 0 0 ,  9 . 0 8 ,  8 . 6 7 ,
8 . 1 7 ,  7 . 0 0 ,  8 . 1 7 ,  9 . 1 7 ,  7 . 0 0 ,  7 . 5 0 ,  6 . 8 3 ,
8 . 8 3 ,  8 . 8 3 ,  7 . 5 0 ,  7 . 8 3 ,  8 . 0 0 ,  6 . 1 7 ,  7 . 6 7 ,
A v erag e  r a t e  8 . 5 6 .
2 n d .  7 . 4 6 ,  1 0 . 0 0 ,  1 2 . 0 0 ,  7 . 1 0 ,  1 0 . 0 0 ,  8 . 8 3 ,
1 0 . 0 0 ,  8 . 6 7 ,  9 . 5 0 ,  8 . 6 7 ,  7 . 5 0 ,  1 0 . 1 7 ,
9 . 6 7 ,  , 6 . 5 0 ,  7 . 0 0 ,  5 . 1 7 ,  4 . 8 3 ,  6 . 5 0 ,  8 .0 0 ?
3 . 8 3 ,
A v e rag e  r a t e  8 .0 7
3 r d .  1 1 . 5 0 ,  1 2 . 1 7 ,  1 1 . 6 7 ,  8 . 6 7 ,  9 . 6 7 ,  1 0 . 0 0 ,
9 . 0 0 ,  9 . 6 7 ,  7 . 8 3 ,  7 . 0 0 ,  9 . 6 7 ,  7 . 5 0 ,  5 . 8 3 ,
8 . 0 0 ,  7 . 1 7 ,  5 . 0 0 ,  9 . 1 7 ,  9 . 0 0 ,  8 . 6 7 ,  1 0 . 3 3 .
Aver age  r a t e  8 . 8 8 .
4 t h .  1 2 . 3 3 ,  1 4 , 6 7 ,  1 0 . 6 3 ,  1 4 . 6 7 ,  1 2 . 3 7 ,  1 3 . 6 7 ,
1 2 . 1 7 ,  1 2 . 1 7 ,  1 0 . 1 7 ,  9 . 0 0 ,  9 . 8 3 ,  1 1 . 3 3 ,
9 . 8 3 ,  1 1 . 5 0 ,  8 . 8 3 ,  1 1 . 0 0 ,  7 . 3 3 ,  1 1 . 6 7 ,
1 0 . 5 0 ,  9 . 0 0 .
A verage  r a t e  1 1 .1 3
5 t h .  1 2 . 6 7 ,  7 . 3 3 ,  1 2 . 5 0 ,  1 0 . 6 3 ,  8 . 8 3 ,  7 . 3 3 ,
1 0 . 8 3 ,  1 0 . 1 7 ,  9 . 8 3 ,  8 . 8 3 ,  8 . 6 7 ,  1 1 . 5 0 ,
7 . 5 0 ,  9 . 6 7 ,  8 . 6 7 ,  7 . 8 3 ,  9 . 0 0 ,  7 . 0 0 ,  9 . 0 0 ,
6 . 5 0 ,
A v erag e  r a t e  9 . 2 2
6 t h .  1 3 . 1 7 ,  8 . 6 7 ,  1 5 , 3 3 ,  1 3 . 6 7 ,  1 2 . 6 7 ,  1 1 . 6 8 ,
1 0 . 6 7 ,  1 1 . 8 3 ,  9 . 0 0 ,  7 . 1 7 ,  1 2 . 5 0 ,  1 1 . 6 7 ,
8 . 1 7 ,  8 . 0 0 ,  8 . 1 7 ,  1 0 . 1 7 ,  8 . 1 7 ,  7 . 8 3 , 9 . 1 7 ,
8 . 1 7 ,
7 t h . 1 2 . 1 7 ,  1 3 . 3 3 , 1 3 .6 7
1 1 . 6 7 ,  1 2 . 0 0 , 8 . 0 0 ,
9 . 6 7 ,  6 . 6 7 .
A verage  r a t e 1 0 . 8 5 .
8ÿh 1 2 . 8 3 ,  1 2 . 0 0 , 1 1 .67
1 2 . 0 9 ,  1 2 . 8 3 .
A v erag e  r a t e 1 1 . 5 9 .
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Graph 20 .  Growth r a t e s  o f  r o t a t e d wh o le  r o o t s .
G row th  r a t e s  e x p r e s s e d  i n  p . / in in u te .
E a c h  r a t e  i s  t h a t  o f  one  r o o t .
H o u r l y  p e r i o d s . Growth r a t e s  d u r i n g  t h i s  p e r i o d .
1 s t .  8 . 9 8 ,  5 . 1 8 ,  1 0 . 4 0 ,  1 0 . 2 0 ,  4 . 3 2 ,  7 . 4 3 ,
7 . 6 0 ,  6 . 4 0 ,  9 . 6 7 ,  8 . 3 0 ,  5 . 8 8 ,  6 . 8 0 ,  6 . 9 8 ,  
6 . 8 0 ,  9 . 6 3 ,  4 . 3 5 ,  8 . 1 3 ,  6 . 8 0 ,  6 . 8 8 .  
A v e rag e  r a t e  7 . 4 5 .
2 n d .  5 . 7 7 ,  8 . 4 8 ,  7 . 4 6 ,  7 . 3 0 ,  5 . 6 0 ,  5 . 9 4 ,  8 . 6 5 ,
6 . 5 0 ,  7 . 2 4 ,  7 . 4 0 ,  1 0 . 6 0 ,  5 . 8 0 ,  6 . 9 5 ,
8 . 2 6 ,  7 . 4 0 ,  1 0 . 6 0 ,  8 . 4 8 ,  8 . 6 5 ,  8 . 4 8 .  
A verage  r a t e  7 . 7 0 .
3 r d .  7 . 2 4 ,  7 . 4 0 ,  1 0 . 6 0 ,  1 0 . 2 0 ,  1 0 . 0 0 ,  7 . 4 7 ,
7 . 3 1 ,  8 . 7 5 ,  6 . 8 3 ,  1 0 . 9 5 ,  1 0 . 5 0 ,  1 0 . 0 0 ,  
1 1 , 4 3 ,  1 1 . 5 0 ,  1 1 . 7 0 ,  9 . 0 7 ,  9 . 1 0 ,  8 . 7 0 ,
8 . 6 0 ,  1 2 . 8 5 .
Aver age  r a t e  9 . 5 6 .
4 t h .  1 1 . 2 8 ,  7 . 9 7 ,  1 0 . 9 2 ,  1 4 . 1 0 ,  1 0 . 8 0 ,  1 1 . 6 0 ,
9 . 7 0 ,  1 3 . 5 0 ,  1 3 . 1 5 ,  1 1 . 2 8 ,  1 1 . 6 0 ,  1 0 . 3 4 ,  
1 0 . 3 4 ,  7 . 2 5 ,  1 2 . 7 5 ,  1 0 . 0 6 ,  1 2 . 0 8 ,  1 0 . 9 2 ,
9 . 7 0 ,  1 0 . 8 0 .
A v erag e  r a t e  1 1 . 0 1 .
5 t h .  1 4 . 3 0 ,  1 0 . 0 0 ,  9 . 1 5 ,  1 4 . 8 0 ,  1 2 . 6 0 ,  1 3 . 5 0 ,
1 0 .5 0 ,  1 1 . 4 0 ,  1 2 . 4 4 ,  1 3 . 8 0 ,  1 4 . 2 1 ,  8 . 6 6 ,
1 0 . 8 6 ,  1 0 . 6 8 ,  1 1 . 5 4 ,  1 0 . 3 3 ,  1 2 . 9 2 ,  1 0 . 7 0 ,
1 3 .7 4 ,  8 . 6 2 .
A v erag e  r a t e  1 1 . 7 4 .
6 t h .  1 0 . 2 0 ,  1 3 . 9 0 ,  1 1 . 7 0 ,  1 0 . 9 0 ,  1 2 . 7 0 ,  1 2 . 7 0 ,
1 4 . 1 0 ,  1 2 . 7 0 ,  1 2 . 2 5 ,  1 1 . 0 5 ,  1 2 . 9 6 ,  1 2 . 6 9 ,
1 3 . 4 8 ,  1 0 . 0 0 ,  1 5 . 0 0 ,  1 6 . 0 0 ,  9 . 0 0 ,  15555 ,
9 . 5 5 ,  1 2 . 5 0 .
A verage  r a t e  1 2 . 4 5 .
7 t h .  1 2 . 4 0 ,  1 3 . 6 5 ,  1 3 . 6 5 ,  1 2 . 2 5 ,  1 0 . 9 6 ,  1 6 . 6 5 ,
9 . 5 3 ,  1 3 . 5 0 ,  1 4 . 6 3 ,  1 1 . 6 0 ,  1 4 . 1 0 ,  9 . 2 3 ,
1 6 . 6 0 ,  1 4 . 7 0 ,  1 3 . 9 5 ,  1 2 . 9 5 ,  1 4 . 1 5 ,  1 3 . 3 0 ,
1 6 . 4 0 ,  1 2 . 1 0 .
A v erag e  r a t e  1 3 . 3 2 .
8 t h .  1 0 . 2 0 ,  1 4 . 3 0 ,  1 6 . 1 0 ,  1 4 . 2 0 ,  1 7 . 6 0 ,  1 3 . 5 0 ,
1 6 . 4 0 ,  1 2 . 4 0 ,  1 5 . 5 0 ,  1 5 . 5 0 ,  1 7 . 7 5 ,  1 7 . 9 8 ,
1 8 .4 8 ,  1 7 . 1 3 ,  1 7 . 3 8 ,  1 2 . 7 4 ,  2 0 . 2 0 ,  1 3 . 5 5 ,
1 7 . 1 3 ,  1 6 . 4 5 .
A v erag e  r a t e  1 5 . 7 7 .
1 9 9
G raph  2 1 .  R e l a t i v e  g r o w t h  o f  a t t a c h e d  r o o t s  i n  v a r i o u s
c o n c e n t r a t i o n s  o f  l . A . A .
G row th  r a t e s  m e a s u r e d  a f t e r  3 h o u r s  r o t a t i o n  and e x p r e s s e d
as mean % g r o w t h  r a t e s  o f  a l l  r o o t s  i n  one e x p e r i m e n t
com pared  w i t h  c o n t r o l s ,  d u r i n g ' h o u r l y  p e r i o d s .
l . A . A .  c o n c e n t r a t i o n .  Mean % g r o w t h  r a t e .
1 p . p . m .  5 . 6 0 ,  4 . 1 0 ,  1 . 7 0 ,  - 1 5 . 0 ,  1 0 . 3 0 .
Aver age  r a t e  1 . 34fo
1 -1
10 p . p . m .  1 3 . 9 0 ,  0 . 9 1 ,  2 . 7 0 ,  7 . 5 6 ,  3 . 1 0 ,  3 . 7 0 ,
1 2 . 3 0 ,  1 . 3 6 ,  6 . 5 5 ,  6 . 2 0 ,  1 0 . 6 6 .  
A v erag e  r a t e  6 . 2 6 . ^
-2
10 p . p . m .  4 0 . 2 0 ,  3 2 . 3 0 .  4 2 . 1 0 ,  4 0 . 3 0 ,  5 2 . 7 0 .
A v erag e  % r a t e  4 1 . 4 0 .
-3
10 p . p . m .  1 0 7 .5 0 ,  9 9 . 0 0 ,  9 9 . 5 0 ,  1 1 3 .4 0 ,  9 2 . 5 0 ,
1 0 2 . 4 0 ,  1 0 6 . 1 0 ,  8 5 . 0 0 ,  1 1 5 . 3 0 .  
A v e rag e  % r a t e  1 0 2 . 3 0 .
—4
10 p . p . m .  1 0 9 .3 0 ,  1 3 1 . 7 0 ,  1 1 4 . 0 0 ,  1 1 9 .0 0 ,
1 1 2 . 0 0 ,  1 1 6 . 0 0 ,  9 9 . 0 0 ,  1 2 8 .8 0 ,
1 1 7 . 0 0 ,  9 5 . 3 0 ,  1 4 3 . 4 0 .
A v erag e  % r a t e  1 1 7 . 7 0 .
-5
10 p . p . m .  1 0 5 , 0 0 ,  9 0 . 0 0 ,  8 6 . 0 0 ,  1 0 6 . 3 0 ,  9 0 . 0 0 ,
1 0 8 .0 0 ,  8 5 . 0 0 ,  9 5 . 0 0 ,  9 6 . 0 0 ,  1 1 5 . 7 0 ,
7 8 . 0 0 ,  1 2 3 . 0 0 ,  9 8 . 0 0 .
A v e rag e  % r a t e  9 8 . 1 0 .
—6
10 p . p . m .  1 1 7 .6 0 ,  9 3 . 5 0 ,  9 8 . 5 0 ,  8 7 . 5 0 ,  1 0 3 . 2 0 .
A v e rag e  % r a t e  1 0 0 .0 0
G raph  ^ 4 .  G p o t r o p i c  j ) u r v a t u r e  i h  r o o t s  t r e a t e d  w i t h
-2
5x10 p . p . m .  2 , 4 - D .
R o t a t i o n  t i m e ,  p r i o r  t o  s t i m u l a t i o n s -  0 -  5 : 0 0  h o u r s .
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S t i m u l a t i o n  t i m e ; -  5 : 0 0  -  3 : 4 0  h) u r s .
T im e.  D eg ree s  o f  c u r v a t u r e  o f  i n d i v i d u a l  r o o t s .
' C o n t r o I s . T r e a t e d  r o o t s .
2 :5 6  h r s 0 0
3 :2 2 2 ,  0 ,  0 ,  4 ,  0 ,
0 ,  1 .  .
A v e ra g e  1 . 3
0
3 : 3 1 4 ,  9 , 0 ,  12 ,  1 ,  
4 ,  3 .
A v e ra g e  4 . 3
2 ,  0 ,  0 ,  0 ,  0 ,  
0 ,  0 ,  0 ,  0 .
A v e rag e  0 . 2
3 : 4 0 12,  15 ,  0 ,  16 ,  6 ,  
7 ,  1 1 .
A v erag e  9 . 6
5 ,  5 ,  5 ,  0 ,  0 ,  
5 ,  0 ,  0 ,  0 .
A verage  2 . 2
3 :5 2 18,  19,  7 ,  20 ,  12,  
12 ,  1 6 .
A v erag e  1 5 .0
7 ,  9 ,  9 ,  4 ,  5 ,
11 ,  1, 2 ,  7 .  
A v e rag e  6 . 1
4 :02 19 ,  24 ,  10 ,  2 3 ,  18,  
17,  2 1 .
A v erag e  1 9 . 0
13 ,  1 3 ,  13,  7 ,  1 0 ,
14 ,  4 ,  4 ,  1 0 .
A verage  9 . 8
4 :14 2 5 ,  2 7 ,  14 ,  28 ,  20 ,  
2 4 ,  2 5 .
A v erag e  2 3 . 3
15 ,  17 ,  14 ,  6 ,  14 ,  
15 ,  7 ,  7 ,  1 2 .  
A v e rag e  1 1 .8
4 :29 S/f, 2 9 ,  %)1, 28 ,  %)2, 
2 8 ,  3 1 .
A v e rag e  2 6 . 6
20 ,  17 ,  15 ,  13, 15 ,  
17 ,  11 ,  11 ,  13 .  
A verage  1 4 ,6
4 :55 29 ,  3 2 ,  27 ,  2 9 ,  30,  
3 4 .
A v erag e  30 .7
19 ,  15 ,  12 ,  14,  8 ,
20 ,  11,  10 ,  17 .  
A v e rag e  1 4 .0
5 :05 2%), 2 7 ,  214, 2 3 ,  33 ,  
341, 3C>.
A v erag e  2 9 . 0
18, 13 ,  8 ,  14 ,  7 ,  
17 ,  8 ,  14 ,  2 3 .  
A v erag e  1 3 .5
201
- 2
C u r v a t u r e  i n  r o o t s  t r e a t e d  w i t h  3x10 p . p . m . 2 , 4 - D .  ( c o n t . )
Time • D e g re e s  o f  c u r v a t u r e o o f  i n d i v i d u a l  r o o t s  ;
C o n t r o l s . T r e a t e d  r o A t s ^
5 ;20 h r s . 27 , 26 , 2 6 ,  18 ,  Z>2, 
34 ,  2 8 .
A v e ra g e  2 7 . 0
17,  13 ,  4 ,  13 ,  4 ,  
16 ,  6 ,  14 ,  2 2 .  
A v erag e  1 2 . 1
5 :32 2 5 ,  2 4 ,  - ,  17 ,  30 ,  
33 ,  2 5 .
A verag e  2 6 . 0
1 7 ,  12 ,  5 ,  7 ,  1 ,  
12 ,  6 ,  16,  1 9 .  
A v e ra g e  1 0 .6
5 : 4 2 26 ,  26 ,  i ,  13 ,  29 ,  
29 ,  2 1 .
A v erag e  2 4 . 0
15 ,  8 ,  3 ,  6 ,  0 ,
10 ,  6 ,  14 ,  2 1 .  
A v e rag e  9 . 2
5 ;53 220, 2 3 ,  - ,  12 ,  228, 
2 7 ,  1 9 .
A v erag e  2 1 .5
15 ,  4 ,  2 ,  7 ,  0 ,
8 ,  6 ,  2C>. 
A verage  8 . 4
6 :0 4 17 ,  2 1 ,  - ,  10 ,  24 ,
27 ,  1 5 .
Ave r a g e  1 9 . 0
12,  0 ,  0 ,  5 ,  - 4 ,
4 ,  5 ,  13 ,  1 5 .
A v erag e  5 .5
6 :15 13 ,  17 ,  - ,  8 ,  2 3 ,
22 ,  1 5 .
A v e ra g e  1 6 . 3
9 ,  (), 0 ,  5 ,  - 4 ,
0 ,  4 ,  9 ,  1 3 .
A verag e  4 . 0
6 :3 4 10,  16 ,  - ,  4 ,  17 ,
17,  1 1 .
A v erag e  1 2 .5
6 ,  0 ,  0 ,  0 ,  - 9 ,
0 ,  3 ,  6 ,  1 4 .
A v e rag e  2 . 2
6 :56 3 f 8 ,  - ,  4 ,  16,
12 ,  9 .
A v e rag e  8 .7
8 ,  0 ,  0 ,  0 ,  - 9 ,
0 ,  0 ,  4 ,  1 1 .  
A verage  1 . 8
7 ;12 0 ,  0 ,  - ,  0 ,  16 ,
10,  4 .
A v erag e  5 . 0
0 ,  0 ,  0 ,  0 ,  - 1 1 ,
0 ,  (), 2 ,  9 .  
A v e rag e  0
7 :35 0 ,  0 ,  - ,  0 ,  6 ,  
3,  4 .
A v e rag e  2 . 2
O', 0 ,  0 ,  0 ,  -&0,
0 ,  C), 0 ,  7 .
A verage  - 0 . 3
2 0 3
Graph  27 . Geot r o p i c  c u r v a t u r e  i n  r o o t s  t r e a t e d  v r i th
—5
10 p . p . m .  2 ,  4-1),
R o t a t i o n  t i m e ,  p r i o r  t o  s t i m u l a t i o n ; -  0 -  3 : 0 0  h o u r s .  
S t i m u l a t i o n  t i m e : -  3 : 0 0  -  3 : 4 0  Tnouts.
T im e .
2 :5 5  h r s .  
3 : 2 0





4 : 3 8
4 : 4 8
4 :59
5 :10
D e g re e s  o f  c u r v a t ^ r e  o f  i n d i v i d u a l  r o o t s . 
C o n t r o I s .
0
3 ,  0 ,  0 ,  2 ,  0 ,
0 , 0 .
A v erag e  0 .7
T r e a t e d  r o o t s .  
0
0 ,  (), 3 ,  3, 5 ,  
0 .
A v erag e  1 . 8
2 , 4 ,  0 , 3 ,  0 , 9 , 14, 11 ,  16, 18,
4 , 4 . 1 2 .
A v erag e 2 . 4 A verag e 1 3 .3
7 , 10 , 10,  11, 0 , 12 , 2 0 , 2 0 ,  25 , 27 ,
7 , 1 1 .  ' 1 9 .
Ave r a g e 8 . 0 Aver age 2 0 . 3
16 , 13, 12 ,  16 , 2 , 18, 2 1 , 2 1 ,  31, 33 ,
11 , 1 5 . 2 3 .
A verag e 1 2 . 1 AvBTc age 2 4 .5
2 1 , 16 , 16 ,  2 2 , 8 , 25 , 28 , 25 ,  :35, 35 ,
16, 1 8 . 2 9 .
Ave r a g e 1 6 .7 Ave r a g e 2 9 .5
O  OC-’. , 20 , 2 2 ,  26 , 14, 28 , 2 8 , 2 8 ,  36 , 4 0 ,
16, 2 1 . 2 8 .
A v e rag e 2 0 . 1 A verage 3 1 .3
2 2 , 241, 28 , 17, 30 , 30 , 2 8 ,  39 , 40 ,
20 , 2 5 . 3 0 .
A v erag e 2 3 . 3 Ave:r a g e 3 2 .8
30, 22 , 2 6 ,  2 9 , 21 , 33 , 30 , 2 9 ,  4:3, 4 2 ,
2 3 , 27 , 3 4 .
Ave:r a g e 2 5 .4 Ave:r ag e 3 5 . 1
31, 2 1 , 2 9 ,  33 , 24 , 35, 29 , 30 ,  45,^15,
21 , 2 9 . 3 3 .
Ave.r a g e 2 7 . 0 Aver age 3 6 . 1
36, 2 4 , 30 ,  34 , 28 , 3 9 , 23 , 34 ,  46 , 4 2 ,
24 , 3 2 . 3 0 .
A v erag e 2 9 .7 A verage 3 5 .7
20,3
—5
C u r v a t u r e  i n  r o o t s  t r e a t e d  w i t h  10 p . p . m . 2 , 4 - D .  ( c o n t .•) 
T im e . D e g re e s  o f  c u r v a t u r e  o f  i n d i v i d u a l  r o o t s .












C o n t r o l s .
2)8, 21 ,  %)7, 38 ,  rso,
21 ,  33 .
A v erag e  2 9 .7
2%), 17 ,  37 ,  S)6,
]J3, 3 2 .
Aver age  2 8 . 0
38 ,  :L5, 2 5 ,  36 ,  25 ,  
1 6 ,
A v e r a g e  2 6 . 3
38 ,  12 ,  24 ,  33 ,  22 ,
12 ,  2 3 .
A v erag e  2 3 .4
33 ,  1 0 ,  17 ,  32 ,  20 ,
11,  19 .
A v erag e  2 0 . 3
25 ,  7 ,  16 ,  28 ,  17,  
8 ,  17 .
A v e r a g e  1 7 .0
1(3, 5 ,  12 ,  2 4 ,  13 ,  
8 , 10.
A v era g e  15*0
17 ,  4 ,  1 1 ,  20 ,  12,  
6 ,  7 .
Aver age  1 1 .0
16,  0 ,  9 ,  17,  12,
0, 6 .
A v e r a g e 8 . 6
16,  0 ,  8 ,  16,  8 ,
- 4 ,  1 .
A v e r a g e  6 . 4
15 ,  0 ,  6 ,  9 ,  11 ,
—3 , —2 .
A v erag e  5 . 1
16 ,  0 ,  4 ,  4 ,  9 ,
- 7 ,  - 6 .
A v e rag e  3 . 0
T r e a t e d  r o o t s .
35 ,  2 2 ,  3T7, 47 ,  4X3, 
2 5 .
A v erag e  3 4 .5
35 ,  18 ,  3 0 ,  4 3 ,  38, 
2 3 .
A verage  3 0 . 8
2 7 ,  13 ,  2 7 ,  4 1 ,  54 ,
17 .
A v erag e  2 6 .5
25ÿi 8 ,  2 3 ,  38 ,  29 ,  
1 3 .
A v erag e  2 2 .7
21 ,  3 ,  19, 33, 25 ,  
10 .
A v e rag e  1 8 .5
16 ,  0 ,  15 ,  25 ,  19 ,  
6 .
A verag e  1 5 .5
11 ,  - 5 ,  11 ,  20 ,  16,  
6 .
A verag e  9 . 6
8 ,  - 6 ,  9 ,  18 ,  16,
6 .
A v erag e  8 . 5
0 ,  - 4 ,  9 ,  17 ,  13 ,
6 .
A v erag e  7 . 0
0 ,  - 4 ,  10,  10 ,  12,  
6 .
A v erag e  5 .7
0 ,  - 4 ,  10 ,  8 ,  10 ,
12 .
A v erag e  6 . 0
0 ,  - 4 ,  ]J2, 8 ,  6 ,
1 6 .
A v erag e  6 . 3
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Gr a p h s  2 8 ,  2 9  ^ ■no ^Q a . G row th  r a t e s  o f  UPPER S I IE S  o f
-5 '
r o o t s  t r e a t e d  w i t h  10 p . p . m .  2 . 4 - D .  and c o n t r o l s . 
G row th  r a t e s  e x p re s s e d ,  i n  n / m i n u t e .
P e r i o d .  Growth  r a t e s  o f  i n d i v i d u a l  r o o t s  d u r i n g  p e r i od





5 . 8 ,  5 . 9 ,  6 . 9 ,  3 . 5 ,
5 . 6 ,  7 . 4 ,  7 . 3 ,  8 . 9 ,
4 . 1 ,  6 . 5 ,  8 . 2 ,  4 . 7 ,
7 . 7 ,  7 . 6 ,  8 . 1 ,  6.%,
7 . 2 ,  7 . 2 ,  4 . 2 ,  7 . 2 ,
8 . 7 ,  4 . 4 ,  7 . 2 ,  6 . 7 .  
A v e ra g e  6 . 6
6 . 1 ,  2 . 6 ,  1 6 . 0 ,  1 2 . 5 ,
1 0 . 3 ,  1 0 . 0 ,  4 . 5 ,  7 . 4 ,
0 .5 , 2 . 2 ,  5 . 4 ,  1 4 . 0 ,
1 7 . 7 ,  6 . 8 ,  7 . 0 ,  8 . 2 ,
7 . 7 ,  1 0 . 3 ,  5 . 9 ,  7 . 4 ,
7 . 5 ,  7 . 9 ,  8 . 8 ,  6 . 1 ,
' 8 . 9 , ' 6 . 9 , ' 7 . 8 ,
7 . 2 ,  7 . 5 ,  8 . 8 ,  5 . 1 ,
7 . 5 ,  5 . 4 ,  6 . 4 ,  7 . 5 ,
7 . 4 ,  7 . 3 ,  7 . 5 ,  7 . 4 ,  
Aver age  7 . 4
1 2 . 0 ,  4 , 7 ,  1 0 . 6 ,  1 2 . 0 ,
5 . 1 ,  1 5 . 3 ,  1 5 . 4 ,  5 . 6 ,
1 4 . 0 ,  1 5 . 0 ,  3 . 5 ,  1 5 . 3 ,
1 8 . 8 ,  4 . 7 ,  8 . 1 ,  1 1 . 4 ,
6 . 6 ,  6 . 8 ,  8 . 2 ,  6 . 6 ,  8 . 5  4 . 7 ,  7 . 1 ,  1 2 . 2 ,  4 . 7 ,
8 . 5 ,  2 . 3 ,  6 . 6 ,  9 . 4 .
A v e ra g e  7 .9
5 . 2 ,  177 ,  9 . 4 ,  6 . 8 ,
1 . 0 ,  4 . 5 ,  2 . 9 ,  4 . 8 ,
7 . 9 ,  5 . 7 ,  6 . 5 ,  4 . 5 ,
4 . 1 ,  8 . 0 ,  9 . 5 ,  6 . 8 ,
4 . 4 ,  9 . 7 ,  5 . 1 ,  4 . 4 ,
1 0 . 5 ,  7 , 8 ,  4 . 4 ,  8 . 0 ,  
A v e ra g e  6 . 0
1 1 . 6 ,  1 1 . 8 ,  8 . 1 ,  8 . 3 ,
1 . 8 ,  1 3 . 1 ,  9 . 7 ,  9 . 7 ,
1 . 3 ,  9 . 3 ,  7 . 9 ,  6 . 3 ,
7 . 6 ,  8 . 3 ,  ' 3 . 6 ,  6 . 1 ,
7 . 9 ,  3 . 4 ,  7 . 6 ,  7 . 9 ,
6 . 0 ,  1 1 . 6 ,  7 . 9 ,  6 . 0 .  
A v e rag e  7 , 6
4 . 0 ,  6 . 7 ,  7 . 0 ,  5 . 4 ,
1 0 . 5 ,  6 . 4 ,  6 . 1 ,  1 0 . 5 ,
6 . 0 ,  6 . 7 ,  9 . 4 ,  7 . 3 ,
7 . 3 ,  7 . 8 ,  1 0 , 5 ,  7 . 4 ,
8 . 9 ,  1 1 . 0 ,  9 . 0 ,  8 . 9 ,
1 3 . 7 ,  8 . 6 ,  8 . 9 ,  8 , 8 .  
A v e rag e  8 . 2
9 . 3 ,  2 1 . 5 ,  1 9 . 4 ,  8 . 7 ,
9 . 1 ,  8 . 9 ,  1 0 , 7 ,  8 . 1 ,
8 . 8 ,  1 0 . 6 ,  1 0 . 3 ,  1 1 . 7 ,
9 . 9 ,  1 0 . 7 ,  1 1 . 6 ,  8 . 3 ,
1 1 . 9 ,  1 1 . 4 ,  8 . 4 ,  1 1 . 9 ,
1 1 . 3 ,  1 1 . 4 ,  1 1 . 9 ,  1 1 . 9 ,  
A v erag e  1 1 .2
1 1 . 7 ,  1 3 , 8 ,  4 . 7 ,  1 1 . 7 .  
Av e r a g e  1 0 . 1
7 . 1 ,  8 . 4 ,  9 . 5 ,  9 . 4 ,
5 . 8 ,  9 . 4 ,  7 . 0 ,  - 0 . 6 ,
4 . 0 ,  5 . 2 ,  4 . 5 ,  1 0 . 3 ,
6 . 2 ,  4 . 5 ,  9 . 1 ,  6 . 7 ,
4 . 5 ,  5 . 1 ,  3 . 7 ,  4 . 5 ,
7 . 9 ,  6 . 5 ,  4 . 5 ,  7 . 9 .
A v e rag e  6 . 3
4 . 1 ,  4 . 8 ,  3 . 4 ,  4 . 1 ,
6 . 4 ,  - 0 . 5 ,  5 . 4 ,  6 . 7 ,
3 . 6 ,  8 . 3 ,  5 . 9 ,  - 0 . 8 ,
5 . 1 ,  5 . 9 ,  1 5 . 8 ,  7 . 8 ,
5 . 9 ,  4 . 1 ,  5 . 3 ,  5 . 9 ,
2 . 6 ,  5 . 7 ,  5 . 9 ,  2 . 6 ,  
A v e rag e  5 . 2
8 . 8 ,  5 . 5 ,  7 . 8 ,  9 . 5 ,
7 . 8 ,  1 3 . 8 ,  1 2 . 8 ,  8 . 4 ,
7 . 6 ,  5 . 9 ,  4 . 5 ,  8 . 3 ,
8 . 1 ,  6 . 6 ,  8 . 7 , '  5 . 7 ,
6 . 6 ,  9 . 2 ,  7 . 6 ,  6 . 6 ,
9 . 2 ,  8 . 3 ,  6 . 6 ,  9 . 2 ,  
A v erag e  8 . 1
1 1 . 3 ,  1 1 . 9 ,  1 1 . 2 ,  1 3 . 9 ,
9 . 5 ,  1 6 . 7 ,  1 2 . 8 ,  1 4 . 8 ,
1 2 . 2 ,  1 3 . 6 ,  1 3 . 6 ,  1 2 . 5 ,
1 9 . 9 ,  1 2 , 4 ,  1 4 . 8 ,  7 . 3 ,
1 2 . 5 ,  6 . 7 ,  1 0 . 0 ,  1 2 . 4 ,
1 2 . 6 ,  1 2 . 4 ,  1 2 . 5 ,  1 2 .4 ,  
Aver age 1 2 .5
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G r ^ l i s  28 and 2 9 a . Growth  r a t e s o f  DOVER S I IE S  o f  X P ^ t j ,
-5
t r e a t e d  wi t h  10 p . p . m .  2 , 4 - D .  and con t r o l s .
Growth rp . t e s  eDepressed i n  \x A v .n u te .





C o n t r o l s






4 . 3 ,
3 . 6 ,
6 . 6 , 
6 , 2 , 
7 . 9 ,
A v erag e
2 . 9 ,  4 . 6  
4 . 4 ,
1 .8 ,
9 . 7 ,





2 . 4  
3 . 8
A v e rag e  3 .7
—0 .8 , —1 
0 . 9 ,  2 . 6
4 . 9 ,
2 . 5 ,






A v erag e
7 . 4 , 5 . 6 ,
6 . 9 ,  , 8 . 3 ,
5 . 8 ,  5 . 8 ,
7 . 9 ,  5 . 7 ,
7 . 2 ,  6 . 2 ,
6 . 2 ,  6 . 7 .
1 1 . 3 ,  —5 . 4 ,  
Ô , 0*4 ,
2 . 8 ,  6 . 7 ,
5 . 7 ,  2 . 9 ,
2 . 9 ,  3 . 1 ,
3 . 1 ,  5 . 4 .
2 ,  100 ,  I ' O ,
—0 . 6 ,  4 . 6 ,
2 . 4 ,  0 . 3 ,  2 .5  
0 . 5 ,  3 . 5 ,
2 . 2 ,  1 . 5 ,
1 . 5 ,  2 . 0 .
.8
8 .0 ,  8 . 1 ,  0 .3 ,  4 . 1 ,
4 . 9 ,  6 .4 ,  1 4 . 4 ,  8 . 9 ,
1 4 . 5 ,  3 . 7 ,  1 1 . 3 ,  1 . 7 ,
12.9 ,  10 .6 ,  8 . 3 ,  12.5 ,
8 .7 ,  1 0 . 6 ,  1 1 . 2 ,  8 .7 ,
9 . 7 ,  1 1 . 7 ,  8 . 7 ,  7 . 4 .  
A v erag e  8 . 6
1 1 . 4 ,  1 1 . 4 ,  1 1 . 8 ,  10.5 ,
8 .8 ,  11 .1 ,  6 . 0 ,  1 0 . 5 ,
1 0 . 5 ,  1 5 . 8 ,  9 . 1 ,  13.0 ,
12 .8 ,  1 1 . 6 ,  13.6 ,  6 .9 ,
1 0 . 3 ,  1 2 . 9 ,  8 . 4 ,  1 0 . 3 ,
1 8 . 9 ,  9 . 7 ,  1 0 . 3 ,  1 3 . 1 .  
A v e rag e  1 1 .2
1 0 . 0 ,  2 0 . 9 ,  1 6 . 7 ,  1 0 . 0 ,
1 2 . 1 ,  11.7 ,  9 . 6 ,  10.3,
9 .2 ,  1 3 . 1 ,  1 1 . 3 , 1 3 . 0 ,
10.4 ,  1 0 . 3 ,  1 2 . 7 ,  8 .0 ,
1 1 . 7 ,  1 3 . 6 ,  9 . 4 ,  1 3 . 1 ,
1 4 . 2 ,  8 . 4 ,  1 3 . 1 ,  1 3 . 0 ,  
Av e r a g e  1 1 .9
T r e a t e d  r o o t s .
8 . 1 ,  7 . 0 ,  6 . 9 ,  4 . 7 ,
6 . 0 ,  9 . 8 ,  8 . 6 ,  6 . 8 ,
8 . 0 ,  8 . 7 ,  6 . 7 ,  9 . 0 ,
7 . 6 ,  6 . 6 ,  6 . 7 ,  5 . 8 ,
6 . 6 ,  8 . 3 ,  7 . 0 $ . 6 . 6 ,
8 . 3 ,  9 , 1 ,  5 .3 ,  6 . 6 .  
A v e ra g e  7 . 3
8 . 2 ,  3 . 6 ,  2 . 9 ,  8 . 6 ,
3 . 6 ,  4 . 6 ,  8 . 2 ,  4 . 2 ,
7 . 6 ,  9 . 3 ,  0 . 4 ,  4 . 7 ,
1 2 . 9 ,  2 . 9 ,  3 . 3 ,  0 . 5 ,
2 . 9 ,  0 . 7 ,  4 . 5 ,  3 . 0 ,
4 . 0 ,  7 . 5 ,  3 . 0 ,  4 . 0 .  
A v e rag e  4 . 8
0 . 2 ,  3 . 8 ,  1 . 6 ,  1 . 3 ,
3 . 9 ,  1 . 6 ,  - 1 . 1 ,  0 . 6 ,
4 . 8 ,  - 0 . 6 ,  2 . 7 ,  4 . 9 ,  
- 1 . 3 ,  2 . 7 ,  3 . 5 ,  5 . 4 ,
2 . 8 ,  3 . 5 ,  3 . 2 ,  2 . 8 ,
3 . 3 ,  1 . 0 ,  2 . 5 ,  3 . 3 .  
A v e ra g e  2 . 4
6 . 4 ,  12“. 7 ,  7 . 8 ,  1 6 . 5 ,
1 3 . 2 ,  6 . 6 ,  1 6 . 5 ,  9 .2 ,
1 1 . 9 ,  1 1 . 9 ,  1 1 . 7 ,  8 . 6 ,
1 1 . 7 ,  1 1 . 7 ,  1 3 . 1 ,  5 .9 ,
1 1 . 7 ,  6 .9 ,  10.5 ,  1 1 . 7 ,
9 . 2 ,  1 1 . 3 ,  1 1 . 7 ,  9 . 1 .  
A v e ra g e  10 .7
1 5 . 7 ,  1 0 . 8 ,  1 0 . 5 ,  1 1 . 6 ,
9 . 7 ,  1 3 . 8 ,  1 4 . 8 ,  1 2 . 3 ,
1 6 . 7 ,  1 4 . 7 ,  6 . 6 ,  9 . 9 ,
1 6 . 6 ,  9 . 6 ,  7 . 5 ,  1 0 . 9 ,
9 . 6 ,  9 . 7 ,  9 . 3 ,  9 . 6 ,
1 1 . 3 ,  1 3 . 4 ,  9 . 6 ,  11.3 .  
A v erag e  11.5
1 0 . 6 ,  1 1 . 0 ,  7 . 3 ,  1 2 . 6 ,
1 2 . 9 ,  1 6 . 6 ,  1 4 . 2 ,  1 4 . 3 ,
1 1 . 1 ,  1 0 . 7 ,  1 0 . 0 ,  I f  X),
10 .7 , 12 .0 , 11. 2 , 12.0 ,
1 2 . 0 ,  6 . 3 ,  8 . 0 ,  1 2 . 0 ,
1 1 . 6 ,  1 1 . 3 ,  1 2 . 0 ,  1 1 . 6 .
- Aver gge 11 .6
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G raph  3 0 . Geotio  p i c  c u r v a t u r e  i n  r o o t s  t r e a t e d  w i t h  
—2
10 p . p . m .  l . A . A .
R o t a t i o n  t i m e ,  p r i o r  t o  s t i m u l a t i o n : -  0 -  5 :0 0  h o u r s .  
S t i m u l a t i o n  t i m e : -  3 :0 0  -  3 : 4 0  h o u r s .
Time • Degreesr  o f  c u r v a t u r  e o f  i n d i v i d ^ i a l  r o o t s .
C o n t r o l s • T r e a t e d  r o o t s .
3 :00  h r s . 0 0
3 : 2 0 0 0 ,  0 ,  0 ,  0 ,  0 ,  
0 ,  0 ,  0 •
A v e ra g e  0 . 4
3 :3 9 5 ,  9 ,  8 ,  9 ,  4 ,  
2 ,  8 .
A v e rag e  6 . 4
0 ,  3 ,  8 ,  0 ,  0 ,  
0 ,  0 ,  0 .
A v erag e  1 . 4
3 ;5 0 5 ,  9 ,  11 ,  12 ,  4 
8 ,  11 .
Aver age  8 . 9
9 7 ,  4 ,  1 0 ,  1 ,  0 ,  
0 ,  0 ,  0 .
Averqe: e 2 . 8
4 : 0 0 9 ,  1 3 ,  18 ,  17 ,
10 ,  15..
A v e rag e  1 3 .0
9 , 13 ,  13 ,  8 ,  5 ,  0 ,  
0 ,  0 ,  0 .
A v e rag e  5 . 0
4 : 1 1 1 2 ,  13 ,  20 ,  22 ,  
1 0 ,  1 7 .
A v erag e  1 5 .5
10 , 11 ,  16 ,  10 ,  7 ,  0 ,  
0 ,  0 ,  0 .
A v e ra g e  5 . 5
4 : 2 1 13 ,  16 ,  2 2 ,  24 ,  
11 ,  1 8 .
Aver age 17 . 0
14 , 1 2 ,  ^ 0 ,  12 ,  5 ,  0 ,  
0 ,  0 ,  O'
Aver age  5 . 0
4 : 3 2 12,  17 ,  23 ,  25 ,
13 ,  2 2 .
Avar age  1 8 . 1
15, 13 ,  13 ,  14 ,  6 ,  0 ,  
0 ,  0 ,  0 .
A v e rag e  5 . 8
4 : 4 2 13 ,  2 0 ,  2 5 ,  26 ,
14 ,  2 4 .
A v erag e  1 9 .9
17, 14 ,  11 ,  12 ,  6 ,  0 ,  
0 ,  0 ,  0 .
A v e ra g e  4 . 6
4 : 5 2 15 ,  15 ,  2 1 ,  2 6 ,  
1 7 ,  2 1 .
A v e rag e  1 9 . 0
17, 16 ,  9 ,  1 1 ,  7 ,  0 ,  
0 ,  0 ,  0 .
A v e rag e  5 . 4
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- 2
C u rv a tu re  in  rmmts t r e a t e d  w i th  10 p .p .m .  l .A .A .  ( c o n t . )
T im e . D eg ree s  o f  c u r v a t u r e  o f  i n d i v i d u a l  r o o t s .
C o n t r o l s . T r e a t e d  r o o t s .
5 :03 h r s . 12 ,  12 ,  22 ,  30 ,  14, 
15 ,  2 3 .
A v erag e  1 8 .3
15 ,  9 ,  14 ,  4 ,  0 ,  
0 ,  0 ,  0 .
A v e rag e  5 . 3
5 :13 11 ,  11 ,  20 ,  28 ,  12, 
14 ,  2 1 .
A v e ra g e  1 7 . 0
14 ,  8 ,  13 ,  3 ,  0 ,  
0 ,  0 ,  0 .
A v e rag e  5 . 0
5 :34 10 ,  8 ,  17 ,  2 8 ,  10,
10 ,  2 0 .
A v e ra g e  1 5 . 0
9 ,  7 ,  13 ,  0 ,  0 ,  
0 ,  0 ,  0 .
A v erag e  3 . 6
5 :50 6 ,  7 ,  12,  25 ,  11 ,
7 ,  2 1 .  •
A v e ra g e  1 2 .7
8 ,  0 ,  13 ,  0 ,  0 ,  
0 ,  0 ,  0 .
A v e rag e  2 . 6
6 :15 2 ,  3 ,  5 ,  22 ,  8 ,  
0 ,  1 7 .
A v e rag e  8 . 1
3,  0 ,  10 ,  0 ,  0 ,  
0 ,  0 ,  0 .
A v erag e  1 . 6
6 :3 1 0 ,  0 ,  2 ,  18,  8 ,  
- 6 ,  12•
A v e rag e  5 . 0
0 ,  0 ,  9 ,  0 ,  0 ,  
0 ,  0 ,  0 .
A v e rag e  1 . 1
6 :4 7 0 ,  0 ,  - 2 ,  16 ,  4 ,  
- 1 0 ,  6 .
A v e rag e  2 . 0
0 ,  0 ,  7 ,  0 ,  0 ,  
0 ,  0 ,  0 ,
A v e rag e  0 . 9
7 :13 0 ,  - 1 1 ,  - 7 ,  16 ,  5 ,  
- 1 3 ,  4 .
A v e rag e  - 0 . 9
0 ,  0 ,  0 ,  0 ,  0 ,  
0 ,  0 ,  0 ,
A verage  0 . 9
7 :39 0 ,  - 1 0 ,  0 ,  14 ,  0 ,  
- 1 9 ,  0 .
A v erag e  - 2 . 0
0 ,  0 ,  7 ,  0 ,  0 ,  
0 ,  0 ,  0 .
A v erag e  0 . 9
8 : 1 2 0 ,  - 1 7 ,  0 ,  7 ,  0 ,  
- 2 2 ,  - 6 .
A v e rag e  - 4 . 0
0 ,  0 ,  7 ,  0 ,  0 ,
0 ,  0 ,  0 .
A v e rag e  0 . 9
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G raph  5 4 . G e o t r o p i c  c u r v a t u r e  i n  r o o t s  t r e a t e d  w i t h  
10 ^ p . p . m .  l . A . A .
R o t a t i o n  t i m e ,  p r i o r  to  s t i m u l a t i o n : -  0 -  5 : 0 0  h o u r s .  
S t i m u l a t i o n  t i m e : -  3 :0 0  -  3 : 4 0  h o u r s .
T im e.  D eg ree s  o f  c u r v a t u r e  o f  i n d i v i d u a l  r o o t s .
C o n t r o l s • T rea- ted  r o o t s .
2 :58 h r s . 0 0
3 : 2 0 0 ,  5 ,  0 ,  0 ,  0 ,  
0 .
A v e rag e  0 . 8
0 ,  0 , 0 ,  6 ,  6 ,
2 ,  2 ,  1 0 .  
A v e rag e  3 . 2
3 : 4 1 8 ,  4 ,  4 ,  0 ,  4 ,  
6 .
A verag e  3 .7
12 ,  13 ,  6 ,  15 ,  
11 ,  13 ,  9 .  
A verag e  1 1 .5
13,
3 : 5 1 9 ,  8 ,  8 ,  7 ,  8 ,
1 2 .
A v erag e  8 .7
14,  17 ,  8 ,  18,  
16 ,  17,  1 2 .
A v erag e  1 5 .1
19,
4 :01 13,  14 ,  9 ,  8 ,  10 ,  A
14,
A v erag e  1 1 ,3
16, 23 ,  13, 18,
17 ,  22 ,  1 3 .  
A verag e  1 8 . 0
22 ,
4 : 1 2 13, 17 ,  12,  9 ,  
19 .
A v e ra g e  1 4 ,2
15, 25 ,  3 1 ,  13 ,  26,  
25 ,  2 4 ,  1 6 .
A verag e  2 3 .6
27 ,
4 : 2 2 17 ,  18 ,  12 ,  12 ,
2 5 .
A v erag e  1 7 . 4
20 , 24 ,  4 0 ,  l b ,  29,  
29 ,  30 ,  2 1 .  
A v e rag e  2 8 .2
33 ,
4 : 3 3 16 ,  19 ,  19 ,  14 ,
2 8 .
A v erag e  1 9 .5
23 , 27 ,  4 1 ,  19 ,  29,  
3 0 ,  3 2 ,  2 2 .
A verage  2 9 . 1
33 ,
4 :44 2 1 ,  2 1 ,  24 ,  15 ,
2 7 .
A v erag e  2 2 . 0
2 4 , 27 ,  4 1 ,  2 4 ,  29 ,  
30 ,  32 ,  2 4 .
A verag e  3 0 . 0
33 ,
5 :00 24 ,  28 ,  25 ,  15 ,  
2 7 .
A verag e  2 3 .5
22 , 2 8 ,  4 2 ,  2 5 ,  27 ,
29 ,  35,  2 9 .  
A v erag e  3 1 .6
36 ,
5 :10 2 6 ,  30 ,  2 8 ,  1 1 ,  
2 6 .
A v erag e  2 3 .7
21, 27 ,  2%% 2 8 ,  24 ,  
26 ,  32 ,  2 6 .  
A verag e  2 9 . 2
34,
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C u r v a t u r e i n  r o o t s  t r e a t e d  w i t h
-5
10 p . p . m .  I . A . A .  ( c e n t . )
T im e . D e c re e s  o f  c u r v a t u r e o f  i n d i v i d u a l  r o o t s .
C o n t r o l s . T r e a t e d  r o o t s .
5 :20  h r  s • 2 4 ,  3 1 ,  21 ,  6 ,  23 ,  
2 9 .
A v e rag e  2 2 . 3
25 ,  4 1 ,  2 5 ,  21 ,  29 ,  
2 0 ,  30 ,  2 7 .
A v erag e  2 7 . 3
5 :51 2 4 ,  3 3 ,  2 0 ,  0 ,  20 ,  
2 6 .
Averaf^e 2 0 .5
2 3 ,  33 ,  28 ,  17, 28 ,  
. 2 1 ,  31 ,  2 6 .
A v e ra g e  2 6 . 0
5 :41 2 3 ,  30 ,  2 1 ,  - 5 ,  17,  
2 6 .
A v e rag e  1 8 .7
2 2 ,  32 ,  2 7 ,  17, 28 ,  
2 0 ,  30 ,  2 4 .
A v erag e  2 5 . 0
5 : 5 3 2 0 ,  2 8 ,  2 1 ,  15 ,  14 ,  
2 2 .
Averefce 16 .7
2 1 ,  28 ,  2 7 ,  13 ,  25 ,  
17 ,  33-, 2 5 .
A verage  2 3 .4
6 : 0 3 19 ,  27 ,  16 ,  - 9 ,  10, 
2 1 .
A v erag e  1 4 . 0
18 ,  21 ,  2 2 ,  11 ,  23 ,  
15 ,  27 ,  2 3 .
A v e ra g e  2 0 . 0
6 : 1 3 19 ,  2 5 ,  13 ,  - 1 0 ,  7 ,  
2 1 .
Averap;e 1 2 .5
1 5 ,  2 2 ,  17 ,  6 ,  22 ,  
12 ,  25 ,  2 1 .
A verage  1 8 .6
6 :30 14 ,  20 ,  8 , - 1 4 ,  2 ,
1 5 .
Averapie 7 . 5
12 ,  15 ,  15 ,  0 ,  18,  
10,  21 ,  2 1 .
A verag e  1 4 .0
6 :46 10 ,  17 ,  6 ,  - 1 1 ,  0 ,  
8 .
A v e rag e  5 . 0
10 ,  10 ,  14 ,  - 7 ,  16 ,  
6 ,  2 0 ,  2 0 .
A verag e  1 1 .1
7 :02 9 ,  13 ,  2 ,  - 1 0 ,  0 ,  
4 .
A verag e  3 . 0
6 ,  9 ,  10,  - 1 3 ,  14,
3 ,  18 ,  15 .
A v erag e  7 . 8
7 :37 2 ,  10 ,  0 ,  - 8 ,  0 ,  
0 .
A v erag e  0 .7
0 ,  0 ,  6 ,  - 1 8 ,  13 ,
1 ,  14 ,  8 .
A verage  3 . 0
8 : 0 0 0 ,  0 ,  0 ,  - 4 ,  0 ,  
0 .
A v erag e  - 0 . 7
0 ,  0 ,  0 ,  - 1 8 ,  7 ,  
- 4 ,  10 ,  4 .  
A v e rag e  - 0 . 1
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G raphs  55 and 3 6 , Grovrkh r a t e s  o f  UPPER 8 I I E 8  o f  r o o t s
-5
t r e a t e d  w i t h  10 p . p . m .  I . A . A .  and, c o n t r o l s .
G row th  r a t e s  e x p re s s e d ,  i n  ^ . / m i n u t e ,
P e r i o d .  Growt h  D&tes o f  UPPER SIPES d u r i n g  p e r i o d .
C o n t r o l s .  T r e a t e d  r o o t s .
T3
T,
1 2 . 6 ,  1 1 . 9 ,  1 0 . 1 ,  9 . 1 ,
8 . 7 ,  1 0 . 4 ,  8 . 1 ,  4 . 6 ,  1
1 0 . 0 ,  7 . 9 ,  1 0 . 0 ,  7 . 1 ,
8 . 9 ,  8 . 7 ,  1 1 . 3 ,  9 . 3 ,
8 . 4 ,  7 . 7 ,  9 . 3 ,  8 . 7 ,
5 . 9 ,  9 . 3 ,  8 . 7 ,  8 . 2 .  
A v e rag e  8 . 0
4 . 8 ,  1 1 . 6 ,  5 . 2 ,  7 . 2 ,
1 1 . 2 ,  1 4 . 4 ,  4 . 1 ,  1 1 . 3 ,
1 1 . 6 ,  2 . 9 ,  1 1 . 2 ,  1 6 . 5 ,
8 . 3 ,  9 . 1 ,  5 . 7 ,  7 . 6 ,
6 . 9 ,  4 . 4 ,  5 . 8 ,  1 1 . 2 ,
1 5 . 0 ,  5 . 8 ,  1 6 . 9 ,  6 . 5 .  
A v e ra g e  9 . 0
8 . 0 ,  6 . 9 ,  7 . 2 ,  2 . 9 ,
6 . 3 ,  1 0 . 5 ,  9 . 8 ,  7 . 0 ,
8 . 0 ,  8 . 0 ,  8 . 2 ,  7 . 6 ,
3 . 6 ,  5 . 9 ,  1 2 . 4 ,  4 . 7 ,
6 . 8 ,  5 . 3 ,  2 . 9 ,  6 . 8 ,
3 . 3 ,  5 . 7 ,  5 . 9 ,  7 . 7 .  
Av e r a g e  6 .7
1 3 . 0 ,  1 7 . 0 ,  4 . 1 ,  1 1 . 7 ,
1 3 . 6 ,  8 . 7 ,  1 0 . 8 ,  9 . 7 ,
1 0 . 6 ,  3 . 7 ,  6 . 3 ,  6 . 1 ,
6 . 6 ,  1 1 . 9 ,  6 . 9 ,  7 . 5 ,
9 . 7 ,  7 . 4 ,  1 2 . 2 ,  1 5 . 3 ,
1 0 . 1 ,  9 . 4 ,  9 . 7 ,  7 . 0 .  
A v e ra g e  8 . 9
7 . 5 ,  8 . 7 ,  1 6 , 8 ,  8 . 0 ,
9 . 3 ,  9 . 6 ,  7 . 6 ,  8 . 0 ,
7 . 6 ,  3 . 4 ,  7 . 5 ,  7 . 8 ,
1 2 . 2 ,  9 . 2 ,  1 1 . 0 ,  1 2 . 6 ,
8 . 4 ,  9 . 0 ,  1 1 . 8 ,  1 3 . 8 ,
1 3 . 6 ,  9 . 0 ,  9 . 3 ,  9 . 3 .  
A v e rag e  9 . 6
1 6 . 2 ,  2 0 . 0 ,  1 1 . 5 ,  1 9 . 9 ,
1 4 . 7 ,  1 3 . 4 ,  1 3 . 5 ,  1 5 . 7 ,
1 6 . 8 ,  2 . 9 ,  1 4 . 8 ,  1 1 . 5 ,
1 2 . 4 ,  1 2 . 2 ,  1 9 . 1 ,  1 5 . 9 ,
1 1 . 9 ,  1 1 . 2 ,  2 0 . 7 ,  1 4 . 7 ,
1 4 . 2 ,  1 4 . 5 ,  1 4 . 1 ,  1 4 . 0 .  
A v erag e  1 4 ,4
1 3 . 1 ,  8 . 6 ,  7 . 6 ,  2 . 7 ,
1 0 . 6 ,  7 . 9 ,  9 . 6 ,  5 . 4 ,
1 0 . 3 ,  6 . 0 ,  8 . 9 ,  5 . 8 ,
6 . 7 ,  1 0 . 3 ,  7 . 1 ,  5 . 6 ,
8 . 9 ,  8 . 6 ,  8 . 8 ,  9 . 6 ,
1 0 . 3 ,  8 . 6 ,  8 . 9 ,  1 0 . 3 .  
A v e rag e  8 . 3
1 4 . 9 ,  2 1 . 5 ,  7 . 2 ,  1 1 . 9 ,
1 7 . 3 ,  1 3 . 7 ,  1 2 . 1 ,  1 5 . 8 ,
1 5 . 9 ,  1 5 . 4 ,  1 7 . 3 ,  2 1 . 1 ,
2 1 . 0 ,  2 2 . 0 ,  1 2 . 5 ,  1 1 . 8 ,
1 4 . 9 ,  1 3 . 5 ,  1 4 . 1 ,  1 2 . 0 ,
1 2 . 7 ,  1 4 . 3 ,  1 7 . 3 ,  1 4 . 7 .  
A v e ra g e  1 5 .2
3 . 2 ,  1 4 . 0 ,  1 2 . 2 ,  1 1 . 4 ,
1 1 . 5 ,  5 . 9 ,  6 . 8 ,  9 . 0 ,
1 1 . 6 ,  7 . 3 ,  1 1 . 2 ,  5 . 9 ,  
0 . 7 ,  9 . 0 ,  6 . 5 ,  9 . 3 ,
1 2 . 6 ,  1 0 . 2 ,  5 . 3 ,  1 2 . 9 ,
9 . 2 ,  4 . 9 ,  1 1 . 5 ,  9 . 2 ,  
A v erag e  8 . 8
5 . 6 ,  1 2 . 2 ,  7 . 9 ,  4 . 5 ,
8 . 5 ,  3 . 9 ,  2 . 5 ,  1 2 . 6 ,
5 . 6 ,  2 . 3 ,  1 0 . 3 ,  9 . 0 ,
1 0 . 4 ,  7 . 1 ,  7 . 1 ,  6 . 5 ,
1 0 . 2 ,  6 . 9 ,  1 3 . 0 ,  1 1 . 2 ,
6 . 0 ,  9 . 5 ,  1 0 , 3 ,  6 . 8 .  
A v e rag e  7 . 9
1 1 . 2 ,  1 2 . 8 ,  8 , 5 ,  6 . 1 ,
8 . 7 ,  1 0 . 5 ,  1 2 . 1 ,  8 . 4 ,
7 . 3 ,  1 3 . 9 ,  9 . 4 ,  9 . 3 ,
1 3 . 2 ,  5 . 8 ,  5 . 1 ,  1 0 . 9 ,
9 . 3 ,  1 1 . 4 ,  1 2 . 8 ,  6 . 5 ,
1 3 . 1 ,  1 0 . 7 ,  8 . 7 ,  5 . 6 .  
A v erag e  9 . 6
1 3 . 8 ,  1 6 . 7 ,  2 4 . 9 ,  1 4 . 7 ,
1 5 . 9 ,  1 6 . 2 ,  1 2 . 6 ,  1 9 . 4 ,
2 1 . 1 ,  9 . 3 ,  1 5 . 1 ,  9 . 6 ,
1 4 . 3 ,  1 2 . 7 ,  2 4 . 8 ,  1 3 . 1 ,
1 4 . 9 ,  1 4 . 2 ,  1 5 . 2 ,  1 6 . 6 ,
1 4 . 0 ,  1 2 . 9 ,  1 5 . 9 ,  1 3 . 8 .  
A v e rag e  1 5 .5
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Graphs 55 and 5 6 a ,  Growth r a t e s  o f  LQV/ER S l l i SS o f  r o o t s
-5
t r e a t e d  w i t h  10 p .p .m .  I a n d  c on t r o l s ,
Growth r a t e s  e x p r e s s e d  i n  | r /m in u te .
P e r i o d .  Growth r a t e s  o f  hOv.CHR S I PES d n r in g  p e r i o d .





1 1 . 7 ,  9 . 4 ,  1 0 . 0 ,  8 . 8 ,
8 . 4 ,  9 . 1 ,  8 . 4 ,  6 . 9 ,
1 0 . 0 ,  5 . 4 ,  9 . 8 ,  7 . 7 ,
7 . 1 ,  7 . 7 ,  5 . 4 ,  8 . 4 ,
8 . 4 ,  5 . 9 ,  9 . 2 ,  8 . 4 ,
1 2 . 5 ,  8 . 4 ,  8 . 4 ,  8 . 8 .  
A v e rag e  8 . 5
4 . 8 ,  1 1 . 7 ,  4 . 0 ,  1 . 9 ,
6 . 8 ,  1 0 . 0 ,  2 . 9 ,  6 . 7 ,
9 . 0 ,  1 . 9 ,  6 . 8 ,  9 . 1 ,
5 . 4 ,  6 . 8 ,  6 . 5 ,  2 . 1 ,
1 . 3 ,  0 . 3 ,  3 . 1 ,  0 , 9 ,
9 . 7 ,  3 . 2 ,  1 3 . 3 ,  3 . 5 .  
A v e rag e  5 . 5
4 . 9 ,  4 . 0 ,  3 . 7 ,  0 . 5 ,
0 ,  4 . 8 ,  2 . 4 ,  4 . 9 ,
0 . 2 ,  3 . 7 ,  2 . 5 ,  3 . 8 ,
2 . 0 ,  1 . 8 ,  7 . 5 ,  1 . 4 ,
2 . 6 ,  3 . 0 ,  2 . 4 ,  2 . 6 ,
0 ,  2 . 5 ,  2 . 6 ,  3 . 3 .  
A v e rag e  2 . 8
1 2 . 5 ,  5 . 3 ,  1 0 . 3 ,  1 0 . 1 ,
1 6 . 1 ,  1 3 . 6 ,  9 . 2 ,  6 . 8 ,
1 0 . 9 ,  2 . 1 ,  1 2 . 4 ,  1 0 . 0 ,
1 2 . 2 ,  1 2 . 7 ,  1 1 . 0 ,  9 . 5 ,
2 2 . 9 ,  1 0 . 7 ,  1 1 . 2 ,  1 2 . 7 ,
1 2 . 4 ,  9 . 5 ,  1 2 . 7 ,  1 0 . 3 .  
A v e rag e  1 1 .1
1 2 . 3 ,  1 2 . 6 ,  5 , 6 ,  7 . 2 ,
1 6 . 0 ,  1 2 . 0 ,  1 1 . 2 ,  1 3 . 8 ,
1 4 . 4 ,  8 . 0 ,  1 2 . 2 ,  9 . 6 ,
1 1 . 9 ,  1 3 . 8 ,  1 4 . 4 ,  1 4 . 9 ,
1 1 . 9 ,  1 0 . 4 ,  8 . 0 ,  1 3 . 7 ,
1 4 . 7 ,  1 0 . 5 ,  1 6 . 2 ,  1 0 . 4 .  
A v e rag e  1 1 .9
1 4 . 5 ,  2 1 . 1 ,  1 2 . 5 ,  7 . 9 ,
1 5 . 2 ,  1 3 . 0 ,  1 4 . 8 ,  1 7 . 0 ,
1 9 . 0 ,  7 . 6 ,  1 5 . 2 ,  1 3 . 8 ,
1 3 . 1 ,  1 5 . 2 ,  1 2 . 3 ,  1 5 .5 5
1 5 . 4 ,  1 0 . 6 ,  1 6 . 2 ,  1 5 . 7 ,
1 6 . 8 ,  1 2 . 8 ,  1 1 . 0 ,  1 5 , 3 .  
A v e rag e  1 4 .1
1 2 . 2 ,  1 0 . 8 ,  7 . 7 ,  9 . 3 ,
9 . 4 ,  9 . 7 ,  8 . 9 ,  1 2 . 1 ,
1 1 . 6 ,  7 . 2 ,  9 . 4 ,  6 . 6 ,
7 . 9 ,  5 . 5 ,  7 . 4 ,  0 . 9 ,
9 . 4 ,  1 0 . 1 ,  4 . 5 ,  9 . 7 ,
1 0 . 8 ,  8 . 6 ,  9 . 0 ,  1 0 . 3 .  
A verage  9 . 0
1 1 . 8 ,  1 4 . 0 ,  8 . 4 ,  1 . 0 ,
1 0 . 2 ,  8 . 5 ,  7 . 3 ,  1 3 . 0 ,
9 . 3 ,  7 . 3 ,  1 8 . 6 ,  1 4 . 1 ,
1 4 . 0 ,  1 6 . 4 ,  9 . 6 ,  1 0 . 0 ,
1 3 . 0 ,  7 . 7 ,  1 1 . 6 ,  5 . 7 ,
9 . 4 ,  7 . 3 ,  1 3 . 0 ,  9 . 9 .  
A v e rag e  1 0 .5
2 . 6 ,  8 . 0 ,  7 . 6 ,  6 . 3 ,  
—0 . 4 ,  —1 . 1 ,  4 . 6 ,  4 . 4 ,  
- 0 . 8 ,  6 . 6 ,  5 . 0 ,  0 . 5 ,
2 . 2 ,  5 . 5 ,  - 0 . 2 ,  3 . 9 ,
6 . 4 ,  5 . 7 ,  3$6 ,  5 . 0 ,
4 . 1 ,  4 , 3 ,  5 . 9 ,  1 . 0 .
Avar age  3 . 8
5 . 4 ,  1 5 . 6 ,  1 0 . 0 ,  9 . 4 ,
1 3 . 8 ,  4 . 7 ,  4 . 1 ,  1 4 . 7 ,
9 . 3 ,  9 . 5 ,  2 2 . 7 ,  1 1 . 6 ,
8 . 6 ,  7 . 8 ,  1 2 . 1 ,  8 . 1 ,
1 3 . 8 ,  1 1 . 2 ,  1 2 . 5 ,  1 4 . 8 ,
1 0 . 3 ,  9 . 7 ,  1 4 . 7 ,  1 1 . 2 ,  
A v e rag e  1 1 . 1
1 4 . 0 ,  1 5 . 1 ,  1 2 , 3 ,  1 0 . 8 ,
1 4 . 8 ,  1 5 . 9 ,  1 6 . 5 ,  1 6 . 6 ,
1 5 . 3 ,  1 6 . 3 ,  1 3 . 9 ,  1 3 . 9 ,
1 5 . 9 ,  1 2 . 3 ,  9 . 5 ,  1 3 . 5 ,
1 5 . 1 ,  1 4 . 4 ,  1 6 . 5 ,  9 . 7 ,
1 4 . 4 ,  1 3 . 3 ,  1 3 . 9 ,  1 0 . 4 .  
A v e rag e  1 3 .9
1 3 . 1 ,  2 0 . 1 ,  2 4 . 0 ,  1 3 . 1 ,
1 7 . 0 ,  1 8 . 3 ,  1 5 . 0 ,  1 8 . 4 ,
1 9 . 3 ,  1 4 . 7 ,  1 6 . 3 ,  1 2 . 1 ,
1 2 . 6 ,  1 6 . 3 ,  2 2 . 3 ,  1 2 . 8 ,
1 2 . 3 ,  1 3 , 4 ,  1 4 . 8 ,  1 6 . 9 ,
1 4 . 8 ,  1 3 , 5 ,  1 8 . 6 ,  1 2 . 5 .  
A verage  1 5 .9
2 1 2
Graph 5 8 . G eo tro p ic  cur v a t u r e  i n  r o o t s t r e a t e d w i t h
100 p .p .m .  F.M.8 .P .
R o t a t i o n  t i m e ,  p r i o r  t o  s t i m u l a t i o n : -  0 -  3 :0 0  h o u r s #  
S t i m u l a t i o n  t i m e - 3 : 0 0  -  3 : 4 0  h o u r s .
T im e.
3 :0 3  h r s . 
3 :1 8




4 : 2 2
4 : 3 3
4 :48
4 :59
D eg ree s  o f  c u r v a t u r e  o f  i n d i v i d u a l  r o o t s  
C o n t r o l s .  T re a te d ,  r o o t s .
0
0 ,  0 ,  0 ,  0 ,  5 ,
7 ,  0 ,  3 ,  0 ,
A v erag e  1 .7
7 ,  6 ,  7 ,  0 ,  14 ,
13 ,  6 ,  9 ,  4 .
A v erag e  7 . 3
1 0 ,  l l y  9 ,  4 ,  19 ,
14 ,  7 ,  11 ,  6 .
A v erag e  1 0 .1
11 ,  13 ,  11 ,  11 ,  20 ,
15 ,  13 ,  12 ,  7 .
A v erag e  1 2 .6
19 ,  15 ,  13,  13 ,  2 3 ,0
23 ,  16 ,  14 ,  10 .
A verage  1 6 .2
2 3 ,  16 ,  19 ,  25 ,  34 ,
25 ,  18 ,  19 ,  12 .
A v erag e  2 0 . 1
26 ,  18,  20 ,  19 ,  38,
2 6 ,  19 ,  2 4 ,  12^
A v erag e  2 2 . 4
32 ,  20 ,  2 2 ,  2 1 ,  39 ,
2 8 ,  2 3 ,  2 8 ,  13 .
A v erag e  2 5 . 1
34 ,  2 4 ,  2 1 ,  2 4 ,  39,
2 6 ,  2 2 ,  3 1 ,  1 4 .
A v erag e  2 6 . 1
0
0
0 ,  0 ,  3 ,  5 ,  0 ,  
0 , 0 , 0 .
A v eraa :e  1 . 0
0 ,  0 ,  3,  5 ,  0 ,  
0 , 0 , 0 .
A v e r a g e  1 . 0
0 ,  0 ,  3 ,  5 ,  0 ,  
0 , 0 , 0 .
A v erag e  1 . 0
0 ,  0 ,  4 ,  5 ,  0 ,  
0 ,  0 ,  5 .
A v e r a g e  1*8
0 ,  0 ,  5 ,  7 ,  0 ,  
0 ,  0 , 6 .
A verage  2 .3
0 ,  0 ,  6 ,  7 ,  0 ,  
0 ,  0 ,  6 .
A verage  2 . 4
0 ,  0 ,  6 ,  4 ,  0 ,  
0 , 0 , 8 .
A v e r a g e  2 . 3__
0 ,  0 ,  7 ,  5 ,  0 ,  
0 ,  0 ,  7 .
A v e r a g e  2 . 4
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C u rv a tu re  i n  r o o t s  t r e a t e d  w i th  lO O p.p .m .U .M .S ,P .( c o n t . )
T im e .










D eg ree s  o f  c u r v a t u r e  o f  i n d i v i d u a l  r o o t s  • 
C o n t r o l s ,
32,  2 1 ,  2 1 ,  23 ,  3.9,
25 ,  20 ,  28 ,  1 4 .
A verage  2 5 . 0
3 1 ,  23 ,  19 ,  2 4 ,  37, 
2 3 ,  22 ,  28 ,  1 1 .
A v erag e  2 4 . 0
31 ,  20 ,  18 ,  20 ,  32,  
1 9 ,  19 ,  22 ,  8 .  
A v e rag e  2 1 . 0
2 7 ,  18 ,  17, 17 ,  29 ,  
16 ,  19 ,  23 ,  6 .  
A v e ra g e  1 9 . 0
2 6 ,  16 ,  13 ,  15 ,  25 ,  
1 1 ,  15 ,  2 1 ,  6 .  
A v e rag e  1 6 .4
2 6 ,  10 ,  13 ,  8 ,  21 ,  
6 ,  15 ,  19 ,  5 .  
A v erag e  1 4 . 0
23 ,  7 ,  11 ,  6 ,  15 ,
0 ,  13 ,  17,  0 ,  
A v erag e  1 0 .2
1 0 ,  0 ,  5 ,  2 ,  5 ,
0 ,  10 ,  9 ,  0 .
A v erag e  3 . 4
0 , 0 , 0 , 0 , 0 ,
0 ,  7 ,  0 ,  0 ,
A v erag e  0 . 8
0 , 0 , 0 , 0 , 0 ,
0 ,  3 ,  0 ,  0 .
A v e ra g e  0 . 3
T r e a t e d  r o o t s .
0 ,  0 ,  9 ,  5 ,  0 ,
0 ,  0 ,  6 .
Aver  Of; e 2 . 4
0 ,  0 ,  1 0 ,  5 , 0,
0 ,  0 ,  4 .
A v e rag e  2 . 4
0 ,  0 ,  1 0 ,  3 , 0,
0 ,  0 ,  5 .
Aver s ^ e  2 . 3
0 ,  0 ,  8 ,  3, 0 ,
0 ,  0 ,  0 .
A verage  1 . 4
0 ,  0 ,  7 ,  1, 0 ,
0 ,  0 ,  0 .
A v e rag e  1 . 0
O', 0 ,  6 ,  "1 , 0 ,
0 ,  0 ,  0 .
A v erag e  0 . 6
0 ,  0 ,  6 ,  —1, 0 ,
0 ,  0 ,  0 .
Avera.ee 0 . 6
0 ,  0 ,  5 ,  - 1 , 0 ,
0 ,  0 ,  0 .
A v e rag e  0 . 5
0 ,  0 ,  1 ,  - 1 , 0 ,
0 ,  0 ,  0 .
A v erag e  0
0 ,  0 ,  0 ,  - 1 , 0,
0 ,  0 ,  0 .
Avera,ee - 0 . 1
Graph 42. G eo tro p ic  c u r v a tu r e  i n  r o o t s  ir  e a te d  w i th
50 p .p .m .  h .M .S .P .
R o t a t i o n  t i m e ,  p r i o r  to  s t i m u l a t i o n : -  0 -  3 : 0 0  h o u r s .  
S t i m u l a t i o n  t i m e : -  3 : 0 0  -  3 : 4 0  h o u r s .
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Tim e. D e g re e s  o f  c u r v a t u r e  o f  i n d i v i d u a l  r o o t s .
C o n t r o l s . T r e a t e d  r o o t s .
3 :0 5  h r s . 0 0
3 :23 0 , 0 , 0 , 0 , 2 1
0 , 0 , 1 .
A v erag e  0 . 4
0 ,  0 , 0 ,  0 ,  0 ,  
0 ,  0 ,  2 .
A v e rag e  0 . 3
2 : 3 6 7 ,  10 ,  10,  8 ,  9 
13 ,  10 ,  6 .
A v e rag e  8 . 4
f 0 ,  0 ,  0 ,  0 ,  0 ,  
0 ,  5 ,  5 .
A ve rag e  1 . 3
3 :57 9 ,  17 ,  15,  11 ,  
17 ,  20 ,  8 .  
A v erag e  1 4 . 0
13, 0 ,  0 ,  0 ,  0 ,  0 ,  
8 ,  6 ,  6 .
A verage  2 .5
4 :0 7 13 ,  27 ,  2 0 ,  20 ,  
2 2 ,  2 2 ,  1 1 .
A v e rag e  1 9 . 0
16, 6 ,  1 ,  0 ,  2 ,  4 ,
11 ,  8 ,  7 .  
A verage  4 . 5
4 ;17 14 ,  28 ,  2 2 ,  25 ,  
2 5 ,  2 2 ,  1 4 .
A v erag e  2 0 .9
17, 1 2 ,  2 ,  8 ,  3 ,  5 ,  
1 1 ,  11 ,  9 .  
A verag e  8 . 0
4 :27 1 7 ,  30 ,  2 5 ,  27 ,  
29 ,  25 ,  1 6 . Ô
A v erag e  2 4 . 0
21, 1 2 ,  4 ,  12,  6 ,  12 ,
12 ,  13 ,  8 .
A verage  9 . 9
4 :37 2 0 ,  31 ,  28 ,  30 ,
3 1 ,  27 ,  1 6 .
A v erag e  2 6 . 0
23, 13 ,  4 ,  13 ,  7 ,  17 ,  
11,* 14 ,  1 3 .  
A verage  1 1 .5
4 :47 21 ,  38 ,  2 8 ,  35 ,  
33 ,  25 ,  18 .  
A v e rag e  2 8 . 0
23 , 12 ,  7 ,  12 ,  11,  23
13 ,  17 ,  1 0 .
A verage  1 3 . 1
4 :58 27 ,  32 ,  34 ,  36 ,  
3 6 ,  30 ,  18 .  
A v erag e  2 9 .8
25 , 13 ,  3 ,  14 ,  9 ,  22 ,
14 ,  20 ,  8 .
A v e rag e  1 3 . 0
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C u rv a tu re  i n  r o o t s  t r e a t e d  w i th  50 p .p .m .¥ .M .S .P .  ( c o n t . )
T im e .







6 : 4 3
7 :19
8 : 2 1
D eg ree s  o f  c u r v a t u r e  o f  i n d i v i d u a l  r o o t s . 
C o n t r o l s . T r e a t e d  r o o t s .
24 , 3 1 , 33 ,  4 1 , 2@, 14, 4 , 18 , 9 , 22 ,
39 , 32 , 2 1 . 14 , 19, 10,
A v erag e 3 0 .6 A verageI 13,,8
25 , 28 , 34 ,  39 , 27 , 12 , 2 , 17, 7 , 22 ,
36 , 32 , 19 . 13 , 19 , 9 .
A v erag e 3 0 . 0 A verage 13. ,0
24 , 24 , 32 ,  38 , 25 , 15 , 1 , 15 , 8 , 24 ,
36 , 32 , 15 . 15 , 18 , 7 .
Avei’age 2 8 . 0 A verage 13 . 0
22 , 2 2 , 2 7 ,  38 , 22 , 16 , 0 , 10, 9 , 18,
36 , 30 , 1 4 . 11 , 15 , 9 .
Avei•age 2 6 . 0 A verage 11 . 0
20 , 19, 2 2 ,  35 , 19, 13 , 0 , 10 , 5 , 21 ,
30 , 28 , 1 2 . 11 , 14 , 8 .
A v erag e 2 3 . 0 Aver 'age 10 . 3
16, 15, 21 ,  31 , 17, 11 , 0 , 11, 4 , 2 2 ,
3 1 , 28 , 9 . 8 ,  12, 9 .
Aver age 2 2 . 0 A verage 9 . 6
4 ,  11 ,  11 ,  26 ,  :11, 10 , 0 , 10, 0 , 14 ,
18, 19 , 1 . 6 ,  7 , 9 .
Aver age 1 3 .0 A verage 7 . 0
1 ,  7 ,  0 ,  22 ,  10,  
13 ,  14 ,  0 .
A v e rag e  8 . 4
O, 0 ,  - 1 0 ,  11 ,  3,  
4 ,  - 2 ,  0 ,
A v e rag e  1 . 9
0 , 0 , 0 , 0 , 0 ,
8 , 0 , 0 .
A verage  1 . 0
8 ,  0 ,  3 ,  0 ,  9 ,
3 ,  6 ,  8 .
A verag e  4 . 6
5 ,  0 ,  0 ,  0 ,  0 ,  
0 ,  0 ,  7 .
A v e rag e  1 .5
5 ,  0 ,  0 ,  0 ,  0 ,  
0 ,  0 ,  4 .
A verag e  1 . 1
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G raph  4 6 . G e o t r o p i c  c u r v a t u r e i n  r o o t s  t r e a t e d  w i t h  
10  p . p . m .  h . H . S . P L  
R o t a t i o n  t i m e ,  p r i o r  t o  s t i m u l a t i o n : -  0 -  5 : 0 0  h o u r s .  
S t i m u l a t i o n  t i m e : -  5 : 0 0  -  5 : 4 0  h o u r s .
T im e .
' :
5 :00  h r s  
3 :1 9
3 : 4 1
3 : 5 1
D eg ree s  o f  cu r  v a t  u r  e o f  i n d i v i d u a l  r o o t s  .
4 :0 6
4 : 1 2
4 : 2 3
4 : 3 3
4 : 4 3
4 : 5 2
5 :03
C o n t r o l s .i
0
0 , 0 , 0 , 10, 0 ,
0 , 0 , 1 2 .
A v erag e  2 . 8
3 ,  8 ,  12,  10 ,  8 ,
8 ,  12,  19 .
A v e ra g e  1 0 .0
8 ,  15 ,  14,  12,  10,
1 1 ,  15 ,  2 4 .
Av e r a g e  1 3 .6
12 ,  2 0 ,  16 ,  13 ,  13,
14 ,  2 0 ,  2 7 .
Avec' age  1 7 . 0
15, 21 ,  27 ,  17,  18, 
1 7 ,  2 2 ,  3 0 .
A v erag e  2 0 .9
2 0 ,  2 3 ,  3 0 ,  2 1 ,  22 ,  
22 ,  3 6 ,  3 2 .
A v erag e  2 4 .5
21 ,  2 8 ,  34 ,  25 ,  26 ,  
2 5 ,  2%), 3 4 .
A v erag e  2 8 . 0
2 2 ,  32 ,  35 ,  25 ,  30 ,  
25 ,  32 ,  3 3 .
A v erag e  2 9 . 2
2 1 ,  37 ,  36 ,  27 ,  29 ,
27 ,  2%), 36 .
A v erag e  31>0
2 3 ,  58 ,  3 6 ,  25 ,  32 ,
2 8 ,  38 ,  3 2 .
A v erag e  5 1 .5
T r e a t e d  r o o t s .  
0 
0
A 1 , 0 , 0 , 0 ,
6,  0 ,  4 ,  5 .
A v e rag e  2 . 2
6 ,  3,  11 ,  4 ,  9 ,
10 ,  4 ,  7 ,  8 .
Ave r a g e  7 . Q
8 ,  10 ,  14 ,  10, 15,
11 ,  6 ,  11 ,  13 .
A v erag e  1 0 .9
11 , 11 , 20 , 11 , 20 , 
16, 9 ,  16 ,  19 .
A v erag e  1 5 . 0
15 ,  18,  25 ,  13, 24 ,
2 0 ,  14 ,  2 1 ,  2 1 .  
A verage  1 9 . 0
15,  2 3 ,  2 9 ,  18, 28 ,
21 ,  16,  25 ,  2 9 .  
A verage  2 2 .7
18, 25 ,  34 ,  23 ,  31 ,
2 1 ,  17 ,  28 ,  2 8 .
A verage  2 5 . 0
19,  2 9 ,  32 ,  22 ,  30 ,  
2 1 ,  18 ,  2 8 ,  26 .
A v erag e  2 5 . 0
2 2 ,  2 2 ,  34 ,  28 ,  23 ,  
2 2 ,  17 ,  2 8 ,  32 .  
A v erag e  2 5 . 5
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C u rv a tu re  i n  r o o t s  t r e a t e d  with. 10 p .p  .P .  ( c o n t . )
S i n e . D eg ree s  of  c u r v a t u r e  of  i n d i v i d u a l  r o o t s .
C o n t r o l s ,  T r e a t e d  " r o o t s  •
5 : 1 3  h r s .  21 ,  4 1 ,  36 ,  28 ,  32,
2 6 ,  33 ,  33 .
A verag e  3 1 . 3
5 :23 19 ,  4 2 ,  37 ,  27 ,  30 
2 2 ,  /%?, 3 2 .
A v erag e  3 0 . 1
5 :33 18 ,  3 9 ,  3 7 ,  2 7 ,  30
2 1 ,  29 ,  3 2 .
A v erag e  2 9 ,2
5 :43 1 6 ,  37 ,  37 ,  26 ,  27 
1 8 ,  2 7 ,  3 3 .
Aver ap;e 2 8 . 0
5 ;53 12 ,  32 ,  30 ,  2 5 ,  27 
1 6 ,  23 ,  3 1 .
A v e rag e  2 5 . 0
6 :08 9 ,  2 8 ,  2 3 ,  2 2 ,  2 2 ,  
1 3 ,  23 ,  3 2 .
A v erag e  2 1 .4
6 ;&9 6 , 18 ,  2 0 , 2 0 , 2 0 , 
11 ,  20 ,  3 1 .
A v e rag e  1 8 .2
6 : 3 9 0 ,  9 ,  17, 18 ,  13,  
9 ,  17 ,  2 9 .
A v erag e  1 4 . 0
6 :5 9 0 ,  0 ,  13,  13 ,  11 ,  
9 ,  16 ,  2 5 .
A v e rag e  1 0 .1
7 :24 0 , 0 , 6 , 8 , 6 , 
9 ,  1 3 , 2 3 .
A v erag e  8 . 0
8 :2 5 0 , 0 , 0 , 0 , 0 ,
6 , 13 ,  2 0 .
kvev  age  4 .9
2 3 ,  25 ,  33 ,  28 ,  27 ,
2 0 ,  18 ,  2 5 ,  2 7 .
A v erag e  2 5 . 1
2 0 ,  18 ,  33 ,  24,  23 ,
2 2 ,  12 ,  22 ,  25 .
A v ereg e  2 2 . 1
19,  14 ,  2 9 ,  22 ,  18 ,  
2 2 ,  9 ,  2 0 ,  19 .
A verage  1 9 . 1
17,  12 ,  27 ,  22 ,  21 ,
18 ,  5 ,  18 ,  1 7 .  
A v erag e  17 .4
14,  3 ,  23 ,  19, 20 ,
17 ,  3 ,  14 ,  15 .
A verag e  1 4 .2
14,  1 ,  21 ,  19 ,  18,
15 ,  0 ,  12,  12 .
A verag e  1 2 .4
12 ,  - 1 ,  14 ,  12,  18,
14 ,  0 ,  10,  9 .  
A v e rag e  9 . 8
1 0 , - 6 , 1 2 , 8 , 16 ,  
10 , 0 , 6 , - 1 .
A verage  6 . 1
7 ,  - 9 ,  O, 0 ,  13 ,
7 ,  0 ,  5 ,  - 8 .
Ave r a g e  1 .7
6 , - 1 3 ,  0 ,  0 ,  14 ,
9 ,  0 ,  0 ,  - 8 .
A verage  0 . 9
0 ,  - 1 3 ,  0 , 0 , 2 1 ,
4 ,  0 ,  0 ,  - 8 .
A verage  0 . 4
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Graphs 22. 40. 40a. 44. 44a ,  48 and 4 8 a .
Growth r a t e s  o f  r o o t s  t r e a t e d  w i t h  IT. M .S .P .  a.nd c o n t r o l s .  
Growth r a t e s  e x p r e s s e d  i n  la /mimiite .
1 .  COÎTTROIS OF /iXL EXPERIÎffiîTTS.
Growth r a t e s  o f  UPEEE SlUfSS o f  c o n t r o l s .
P e r i o d .  G row th  r a t e s  o f  UPPER SIDES d u r i n g  p e r i o d .
T 7 . 7 ,  7 . 7 ,  7 . 2 ,  6 . 1 ,  6 . 6 , 7 . 2 ,  6 . 6 , 4 . 0 ,  9 . 0 ,
1 1 . 5 ,  4 . 1 ,  1 1 . 3 ,  9 . 5 ,  1 5 . 9 ,  8 . 2 ,  1 3 . 9 ,  1 1 . 8 ,
1 3 . 3 ,  1 0 . 4 ,  8 . 1 ,  8 1 3 ,  1 1 . 4 ,  1 0 . 4 ,  7 . 6 ,  9 . 3 ,
9 . 2 ,  7 . 9 ,  9 . 6 ,  4 . 9 ,  5 . 9 ,  1 2 . 6 ,  1 1 . 2 ,  6 . 4 ,  5 . 6 ,
5 . 4 ,  8 . 3 ,  8 . 0 ,  5 . 0 ,  6 . 5 ,  6 . 5 ,  4 . 4 ,  5 . 4 ,  4 . 4 ,
4 . 7 ,  6 . 3 ,  5 . 6 ,  5 . 1 ,  5 . 1 ,  6 . 9 ,  1 1 . 1 ,  6 . 6 , 7 . 5 ,
9 . 6 ,  8 . 5 ,  1 0 . 2 ,  8 . 6 , 9 . 2 ,  1 1 . 8 ,  7 . 5 ,  9 . 2 ,  8 . 3 ,
1 2 . 5 ,  8 . 3 ,  9 . 6 ,  7 . 8 ,  6 . 4 ,  6 . 1 ,  7 . 5 ,  7 . 3 ,  7 . 4 ,  6 . 7 .  
A v e ra g e  8 . 1
Tp 9 . 8 ,  3 . 2 ,  7 . 9 ,  6 . 5 ,  9 . 7 ,  7 . 9 ,  1 2 . 8 ,  6 . 3 ,  7 . 5 ,
1 0 . 7 ,  2 7 . 3 ,  1 3 . 9 ,  1 2 . 7 ,  1 3 . 2 ,  1 7 . 5 ,  8 . 4 ,  2 1 . 2 ,
1 9 . 3 ,  1 3 . 1 ,  9 . 5 ,  1 7 . 5 ,  1 6 . 4 ,  1 1 . 0 ,  1 2 . 0 ,  8 . 6 ,
1 0 . 8 ,  1 1 . 8 ,  1 2 . 4 ,  1 0 . 4 ,  8 . 6 ,  1 0 . 4 ,  1 0 . 4 ,  1 2 . 7 ,
6 . 1 ,  1 0 . 6 ,  8 . 9 ,  1 . 2 ,  1 3 . 2 ,  1 0 . 6 ,  1 0 . 6 ,  2 0 . 0 ,
7 . 6 ,  8 . 8 ,  9 . 4 ,  1 0 . 0 ,  6 . 1 ,  1 7 . 3 ,  1 1 . 3 ,  1 5 . 8 ,  1 4 . 1 ,
1 4 . 1 ,  1 2 . 6 ,  1 3 . 2 ,  1 0 . 2 ,  6 . 7 ,  1 3 . 5 ,  7 . 7 ,  1 1 . 2 ,
1 4 . 8 ,  1 6 . 7 ,  2 2 . 7 ,  1 8 . 1 , 9 . 4 ,  1 3 . 0 ,  9 . 1 ,  1 0 . 3 ,  3 . 5 ,
9 . 4 ,  1 1 . 1 ,  9 . 4 ,
A v erag e  1 1 . 6
Tg 9 . 4 ,  9 . 8 ,  1 0 . 5 ,  9 . 5 ,  1 5 . 8 ,  1 2 . 6 ,  1 2 . 9 ,  8 . 3 ,  7 . 1 ,
7 . 5 ,  1 0 . 0 ,  7 . 8 ,  1 0 . 5 ,  1 7 . 5 ,  9 . 4 ,  1 0 . 5 ,  7 . 3 ,  9 . 0 ,
2 1 . 3 ,  9 . 8 ,  9 . 3 ,  5 . 7 ,  6 . 9 ,  9 . 5 ,  1 1 . 2 ,  5 . 1 ,  6 . 6 ,
8 . 3 ,  1 1 . 9 ,  8 . 9 ,  8 . 2 ,  1 2 . 6 ,  6 . 4 ,  2 . 5 ,  5 . 5 ,  4 . 4 ,
8 . 5 ,  5 . 5 ,  5 . 9 ,  5 . 5 ,  5 . 3 ,  7 . 4 ,  - 3 . 3 ,  6 . 0 ,  8 . 8 ,  6 . 0 ,
5 . 3 ,  5 . 1 , 1 0 . 3 ,  9 . 4 ,  7 . 0 ,  5 . 9 ,  9 . 2 ,  8 . 5 ,  4 . 1 ,  8 . 9 ,
5 . 6 ,  1 1 . 8 ,  6 . 2 ,  1 6 . 6 ,  1 9 . 2 ,  7 . 2 ,  9 . 3 ,  3 . 3 ,  1 2 . 9 ,
8 . 2 ,  2 . 5 ,  9 . 4 ,  9 . 5 ,  7 . 3 ,  8 . 2 ,  7 . 8 .
A v erag e  8 . 5
T. 7 . 5 ,  3 . 8 ,  1 3 . 2 ,  1 0 . 7 ,  7 . 6 ,  7 . 8 ,  1 0 . 7 ,  5 . 4 ,  8 . 0 ,
8 . 6 ,  7 . 6 ,  8 . 6 ,  9 . 4 ,  9 . 8 ,  8 . 7 ,  9 . 2 ,  7 . 8 ,  9 . 5 ,  8 . 5 ,
2 . 0 ,  1 3 . 9 ,  1 2 . 5 ,  1 0 . 4 ,  1 0 . 2 ,  1 3 . 0 ,  8 . 5 ,  8 . 5 ,  1 7 . 3 ,
4 . 2 ,  1 4 . 6 ,  1 2 . 0 ,  9 . 9 ,  8 . 4 ,  1 1 . 9 ,  1 3 . 6 ,  1 2 . 4 ,  9 . 6 ,
1 2 . 5 ,  1 1 . 4 ,  1 1 . 4 ,  1 0 . 1 ,  8 . 0 ,  7 . 8 ,  1 3 . 8 ,  7 . 4 ,  7 . 6 ,
1 0 . 4 ,  9 . 4 ,  4 . 5 ,  1 4 . 9 ,  - 0 . 1 ,  3 . 1 ,  6 . 7 ,  5 . 9 ,  7 . 2 ,
9 . 6 ,  1 . 6 ,  7 . 6 ,  8 . 0 ,  5 . 2 ,  9 . 0 ,  8 . 4 ,  8 . 0 ,  8 . 0 ,  7 . 5 ,
8 . 8 ,  4 . 7 ,  7 . 4 ,  1 1 . 2 ,  7 . 4 ,  4 . 9 ,  7 . 4 .
A v era g e  8 . 8
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COIJTROIS ( c o n t i n u e d ) .
P e r i o d .  Growth r a t e s  of UPPER SIDES d u r in g  p e r i o d .
2 . 0 ,  7 . 5 ,  4 . 1 ,  1 0 . 3 ,  4 . 7 ,  7 . 2 ,  1 0 . 0 ,  7 . 8 ,  1 5 . 4 ,
1 4 . 6 ,  1 3 . 3 ,  1 3 . $ ,  1 4 . 6 ,  1 6 . 3 ,  1 5 . 6 ,  1 3 . 6 ,  1 1 . 0 ,
7 . 7 ,  1 3 . 8 ,  1 8 . 7 ,  1 1 . 4 ,  9 . 0 ,  7 . 1 ,  1 2 . 0 ,  1 7 . 6 ,  1 1 . 7 ,
1 0 . 6 ,  9 . 4 ,  1 1 . 7 ,  1 7 . 6 ,  9 . 6 ,  7 . 2 ,  1 9 . 7 ,  1 0 . 4 ,  8 . 4 ,
1 0 . 9 ,  1 5 . 7 ,  1 0 . 4 ,  7 . 1 ,  1 0 . 9 ,  6 . 7 ,  8 . 8 ,  7 . 4 ,  1 3 . 1 ,
8 . 2 ,  1 0 . 7 ,  1 4 . 9 ,  1 4 . 3 ,  5 . 7 ,  3 . 5 ,  9 . 2 ,  7 . 0 ,  3 . 9 ,
6 . 9 ,  1 2 . 6 ,  7 . 0 ,  1 0 . 0 ,  1 1 . 5 ,  6 . 9 ,  0 . 6 ,  4 . 6 ,  1 4 . 1 ,
7 . 0 ,  7 . 1 ,  2 . 7 ,  1 1 . 0 ,  7 . 4 , '  6 . 3 ,  7 . 0 ,  8 . 7 ,  7 . 4 ,  8 . 9 .  
Average 9 . 8
T .  6 . 0 ,  1 2 . 2 ,  1 3 . 2 ,  1 1 . 9 ,  1 1 . 8 ,  1 3 , 5 ,  1 5 . 0 ,  9 . 1 ,
°  1 3 . 9 ,  1 5 . 2 ,  1 4 . 8 ,  1 8 . 4 ,  1 8 . 0 ,  1 4 . 8 ,  1 3 . 1 ,  1 3 . 5 ,
1 1 . 4 ,  1 4 . 9 ,  3 5 . 6 ,  1 3 . 5 ,  2 7 . 5 ,  2 0 . 4 ,  1 5 . 1 ,  1 6 . 1 ,
1 5 . 2 ,  1 4 . 8 ,  1 0 . 2 ,  1 4 . 6 ,  1 0 . 4 ,  1 2 . 9 ,  9 . 0 ,  2 0 . 8 ,
9 . 7 ,  1 7 . 6 ,  1 1 . 0 ,  1 2 . 8 ,  2 0 . 6 ,  1 6 . 1 ,  1 4 . 6 ,  1 4 . 6 ,
1 7 . 2 ,  1 2 . 8 ,  1 4 . 6 ,  2 0 . 5 ,  1 2 . 5 ,  1 3 . 5 ,  1 8 . 4 ,  1 5 . 3 ,
1 6 . 5 ,  1 2 . 2 ,  9 . 5 ,  1 2 . 6 ,  1 2 . 6 ,  10. .0 ,  1 5 . 7 ,  1 4 . 8 ,
1 3 . 7 ,  1 5 . 6 ,  1 7 . 4 ,  1 6 . 2 ,  2 0 . 8 ,  1 5 . 2 ,  2 0 . 4 ,  1 8 . 9 ,
2 1 . 7 ,  1 9 . 4 ,  1 6 . 0 ,  1 5 . 3 ,  8 . 1 ,  1 6 . 0 ,  1 5 . 3 ,  1 6 . 0 .
A v e ra g e  1 5 .1
Growth r a t e s  o f  LOMER S l D E S o d f c c o h t r o l s .
P e r i o d .  Growth r a t e s  o f  LOWER SIDES d u r i n g  p e r i o d .
8 . 1 ,  7 . 7 ,  7 . 2 ,  6 . 6 , 7 . 1 ,  8 . 2 ,  6 . 6 , 7 . 4 ,  1 3 . 2 ,
7 . 7 ,  8 . 7 ,  8 . 7 ,  1 0 . 5 ,  1 3 . 4 ,  9 . 4 ,  1 5 . 2 ,  9 . 3 ,  1 2 . 0 ,
■ 1 0 . 4 ,  8 . 8 , 9 . 3 ,  1 1 . 6 ,  5 . 9 ,  9 . 6 ,  9 . 3 ,  8 . 0 ,  9 . 3 ,
1 1 . 9 ,  6 . 9 ,  6 . 4 ,  1 1 . 5 ,  1 2 . 6 ,  8 . 4 ,  5 . 4 ,  4 . 7 ,  7 . 7 ,
7 . 7 ,  3 . 7 ,  6 . 3 ,  6 . 3 ,  5 . 0 ,  4 . 7 ,  2 . 5 ,  5 . 0 ,  4 . 8 ,  7 . 9 ,
5 . 0 ,  5 . 0 ,  8 . 2 ,  6 . 0 ,  5 . 3 ,  7 . 7 ,  9 . 2 ,  6 . 7 ,  1 1 . 0 ,  7 . 6 ,
9 . 0 ,  1 2 . 0 ,  8 . 0 ,  9 . 0 ,  8 . 5 ,  1 3 . 0 ,  7 . 5 ,  9 . 2 ,  8 . 0 ,
6 . 0 ,  7 . 1 ,  6 . 0 ,  7 . 4 ,  7 . 0 ,  7 . 0 ,  6 . 5 .
A v e ra g e  8 . 1
Tn 4 . 9 ,  3 . 2 ,  1 . 6 ,  6 . 5 ,  4 . 0 ,  3 . 2 ,  4 . 9 ,  5 . 0 ,  1 . 6 ,  5 . 5 ,
1 7 . 5 ,  2 . 3 ,  1 0 . 5 ,  1 3 . 0 ,  1 5 . 2 ,  1 1 . 8 ,  1 0 . 0 ,  1 6 . 1 ,  1 2 . 7 ,  
- 1 . 0 ,  3 . 6 ,  7 . 4 ,  4 . 0 ,  1 . 0 ,  6 . 0 ,  6 . 2 ,  - 0 . 1 ,  7 . 4 ,
- 4 . 8 ,  1 7 . 5 ,  4 . 8 ,  6 . 6 , 8 . 5 ,  7 . 6 ,  5 . 2 ,  8 . 9 ,  9 . 0 .  9 . 0 ,
8 . 0 ,  8 . 0 ,  1 5 . 5 ,  - 0 . 3 ,  1 . 2 ,  7 . 3 ,  3 . 3 ,  2 . 7 ,  7 . 3 ,  5 . 3 ,
8 . 8 , 5 . 9 ,  7 . 9 ,  7 . 4 ,  8 . 8 , 2 . 2 ,  1 . 8 ,  6 . 3 ,  6 . 0 ,  5 . 8 ,
1 3 . 1 ,  6 . 0 , 9 . 6 ,  1 4 . 3 ,  1 2 . 3 ,  9 . 6 ,  1 4 . 8 ,  8 . 7 ,  4 . 5 ,
4 . 3 ,  7 . 1 ,  5 . 4 ,  5 . 1 ,  7 . 1 .
A v e ra g e  6 . 8
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COUTROIS (c o n t in u e d )
P e r i o d .  Growth r a t e s  of  LOVMÎ SUES d u r in g  p e r i o d .
T5 ILS ,  3 . 5 ,  6 . 0 , 4 . 9 ,  2 . 4 ,  4 . 7 ,  7 . 9 ,  3 . 4 ,  5 . 6 ,  - 3 . 5 ,
1 . 1 ,  4 . 2 ,  6 . 2 ,  1 1 . 4 ,  2 . 8 ,  5 . 9 ,  9 . 8 ,  1 0 . 2 ,  2 . 1 ,
- 3 . 5 ,  1 . 7 ,  8 . 5 ,  1 . 1 ,  - 5 . 7 ,  4 . 3 ,  - 1 . 2 ,  4 . 1 ,  1 . 5 ,
2 . 5 ,  5 . 7 ,  2 . 3 ,  3 . 9 ,  - 1 . 9 ,  - 4 . 4 ,  199 ,  - 0 . 4 ,  0 . 2 ,  
—2 . 6 ,  1 . 2 ,  1 . 2 ,  0 ,  2 . 8 ,  —1 . 9 ,  —3 . 5 ,  0 . 2 ,  —3 . 5 ,  4 , 7 ,
3 . 3 ,  4 . 9 ,  3 . 9 ,  - 4 . 9 ,  - 0 . 5 ,  9 . 2 ,  - 0 . 2 ,  3 . 4 ,  0 ,  3 . 6 ,
1 9 . 7 ,  9 . 2 ,  0 . 5 ,  2 . 6 ,  1 . 2 ,  3 . 4 ,  - 1 . 2 ,  1 . 4 ,  - 0 . 8 ,
1 . 2 ,  1 . 9 ,  6 . 5 ,  - 3 . 3 ,  1 . 2 ,  1 . 8 .
A v e rag e  2 . 5
T4 7 . 3 ,  1 0 . 0 ,  1 2 . 7 ,  1 3 . 7 ,  1 5 . 3 ,  1 7 . 0 ,  1 7 . 0 ,  9 . 2 ,  8 . 1 ,
7 . 6 ,  1 2 . 4 ,  1 4 . 5 ,  1 3 . 6 ,  1 4 . 3 ,  1 7 . 0 ,  1 3 . 2 ,  1 5 . 7 ,
1 3 . 9 ,  2 0 . 0 ,  2 1 . 1 ,  1 6 . 3 ,  1 9 . 0 ,  1 6 . 8 ,  1 0 . 8 ,  1 4 . 2 ,
1 7 . 5 ,  1 3 . 7 ,  1 7 . 0 ,  8 . 1 ,  1 9 . 1 ,  1 4 . 1 ,  1 2 . 0 ,  9 . 3 ,
1 2 . 7 ,  1 4 . 2 ,  1 4 . 1 ,  1 2 . 3 ,  1 5 . 8 ,  1 2 . 7 ,  1 2 . 7 ,  1 4 . 1 ,
1 0 . 8 ,  7 . 3 ,  1 3 . 9 ,  7 . 8 ,  8 . 9 ,  1 1 . 9 ,  1 2 . 6 ,  1 2 . 0 ,  1 4 . 5 ,
1 2 . 9 ,  5 . 7 ,  1 2 . 7 ,  1 2 . 5 ,  9 . 0 ,  1 3 . 5 ,  7 . 0 ,  1 1 . 3 ,  1 2 . 7 ,
8 . 8 , 1 1 . 2 ,  2 . 7 ,  1 2 . 6 ,  9 . 7 ,  1 0 . 0 ,  1 4 . 0 ,  8 . 5 ,  8 . 5 ,
1 0 . 0 ,  1 1 . 4 ,  7 . 7 ,  1 0 . 0 .
A v e rag e  1 2 . 5
T5 1 1 . 7 ,  1 0 . 3 ,  9 . 7 ,  7 . 2 ,  1 8 . 6 ,  1 8 . 3 ,  7 . 2 ,  3 . 3 ,  5 . 6 ,
1 3 . 6 ,  1 7 . 7 ,  1 5 . 6 ,  1 7 . 7 ,  1 5 . 6 ,  9 . 4 ,  1 8 . 7 ,  9 . 0 ,
1 8 . 3 ,  1 0 . 6 ,  1 8 . 9 ,  1 5 . 5 ,  6 . 7 ,  1 4 . 3 ,  1 9 . 2 ,  1 9 . 8 ,
1 4 . 3 ,  1 0 . 8 ,  2 1 . ? ,  1 9 . 8 ,  1 7 . 2 ,  1 1 . 5 ,  2 4 . 9 ,  1 9 . 6 ,
1 3 . 3 ,  1 0 . 4 ,  9 . 8 ,  1 4 . 7 ,  1 3 . 3 ,  2 0 . 9 ,  1 0 . 7 ,  1 0 . 8 ,
1 6 . 4 ,  1 3 . 9 ,  1 6 . 6 ,  1 3 . 0 ,  1 2 . 5 ,  1 4 . 4 ,  1 4 . 1 ,  1 1 . 2 ,
1 1 . 0 ,  7 . 7 ,  6 . 8 , 1 1 . 0 ,  1 2 . 3 ,  1 0 . 8 ,  1 3 . 1 ,  1 5 . 9 ,  1 3 . 9 ,
1 3 . 1 ,  5 . 0 ,  1 2 . 4 ,  1 3 . 7 ,  1 1 . 3 ,  9 . 1 ,  1 6 . 2 ,  1 5 . 7 ,  9 . 5 ,
1 2 . 5 ,  1 0 . 9 ,  1 2 . 5 ,  1 1 . 0 .
A v e rag e  1 3 .3
T .  1 1 . 2 ,  1 3 . 7 ,  1 6 . 2 ,  1 2 . 2 ,  1 4 . 9 ,  1 0 . 6 ,  1 5 . 0 ,  1 0 . 9 ,
1 4 . 0 ,  1 8 . 5 ,  1 1 . 1 ,  1 5 . 5 ,  1 6 . 0 ,  1 9 . 5 ,  1 7 . 4 ,  1 4 . 5 ,
1 5 . 8 ,  1 3 . 5 ,  2 7 . 9 ,  1 5 , 6 ,  2 1 . 9 ,  1 7 .2 , '  3 1 . 3 ,  1 5 . 6 ,
1 7 . 1 ,  1 7 . 5 ,  1 0 . 8 ,  1 5 . 6 ,  1 5 . 8 ,  1 9 . 0 ,  1 2 . 7 ,  1 0 . 6 ,
1 5 . 3 ,  1 7 . 1 ,  1 6 . 3 ,  1 1 . 4 ,  1 3 . 7 ,  1 6 . 3 ,  2 1 . 0 ,  1 9 . 3 ,
1 6 . 6 ,  1 2 . 5 ,  1 6 . 9 ,  2 0 . 1 ,  1 4 . 8 ,  1 1 . 5 ,  1 6 . 3 ,  1 6 . 3 ,
2 1 . 5 ,  1 4 . 8 ,  7 . 4 ,  1 3 . 2 ,  1 6 . 1 ,  1 3 . 0 ,  1 4 . 4 ,  1 9 . 8 ,
1 5 . 4 ,  1 7 . 0 ,  1 6 . 0 ,  1 5 . 8 ,  I f . 9 ,  1 8 . 7 ,  1 8 . 9 ,  1 9 . 0 ,
1 5 . 3 ,  1 9 . 4 ,  1 3 . 6 ,  1 5 . 8 ,  1 5 . 6 ,  1 5 . 8 ,  1 3 , 6 ,  1 3 . 5 .
A v e rag e  1 5 .9
22 1
2 ,  Roots  t r e a t e d  w i th  100 p .p .m .  U .M .S .P . (Graphs 39, 40 and 40a)
P e r i o d . Growth r a t e s  o f  i n d i v i d u a l  r o o t s ( ] j , /m inu te  ) .





9 . 7 ,  8 . 3 ,  7 . 7 ,  6 . 6 ,
7 . 1 ,  8 . 9 ,  7 . 5 ,  2 . 4 ,
7 . 9 ,  5 . 7 ,  9 . 0 ,  6 . 4 ,
4 . 8 ,  8 . 6 , 6 . 8 , 6 . 9 ,
1 1 . 4 , 1 0 . 9 ,  6 . 3 ,  6 . 9 ,  9 . 4 ,
9 . 4 ,  9 . 2 ,  8 . 2 ,  9 . 8 .  
A verage  8 . 0
2 3 . 1 ,  7 . 9 ,  7 . 1 ,  7 . 0 ,
7 . 7 ,  6 . 4 ,  4 . 6 ,  0 . 6 ,
1 0 . 9 ,  1 1 . 3 ,  1 2 . 6 ,  6 . 6 ,
1 5 . 2 ,  6 . 0 , 6 . 8 , 1 2 . 5 ,
7 . 6 ,  8 . 7 ,  1 2 . 3 ,  9 . 6 ,
1 7 . 6 ,  1 2 . 3 ,  8 . 2 ,  9 . 9 .  
A v e rag e  1 0 . 0
8 . 4 ,  1 1 . 3 ,  1 0 . 0 ,  1 1 . 7 ,  1
1 4 . 5 ,  1 1 . 9 ,  1 1 . 6 ,  1 1 .3 ,
1 2 . 0 ,  1 0 . 5 ,  1 2 . 0 ,  1 0 . 0 ,
8 . 7 ,  5 . 3 ,  9 . 5 ,  1 0 . 5 ,
1 2 . 5 ,  6 . 9 ,  1 3 . 0 ,  1 0 . 6 ,
1 1 . 4 ,  8 . 1 ,  3 . 6 ,  1 2 . 5 .  
A v e ra g e  1 0 .3
1 4 . 5 ,  10 6 , 1 2 . 1 ,  1 0 . 2 ,
1 1 . 3 ,  1 4 : 7 ,  4 . 5 ,  1 2 . 8 ,
8 . 3 ,  1 1 . 8 ,  1 7 . 8 ,  7 . 0 ,
1 1 . 4 ,  1 0 . 5 ,  1 1 . 7 ,  1 2 . 0 ,
1 4 . 3 ,  4 . 3 ,  1 5 . 6 ,  2 0 . 4 ,
1 7 . 2 ,  1 0 . 7 ,  1 7 . 2 ,  1 9 . 1 .  
A v e rag e  1 2 .8
1 3 . 6 ,  1 8 . 8 ,  1 0 . 7 ,  1 1 . 1 ,
5 . 2 ,  1 4 . 0 ,  1 6 . 6 ,  1 2 . 9 ,
1 2 . 8 ,  1 6 . 9 ,  1 2 . 5 ,  9 . 7 ,
1 0 . 0 ,  1 2 . 5 ,  8 . 9 ,  1 5 . 0 ,
1 3 . 8 ,  1 7 . 9 ,  1 1 . 9 ,  9 . 8 ,
1 3 . 8 ,  1 7 . 9 ,  1 3 . 8 ,  7 . 7 .  
A v e ra g e  1 2 .8
1 3 . 2 ,  5 . 7 ,  8 . 4 ,  1 2 . 4 ,
1 3 . 8 ,  6 . 5 ,  1 3 . 6 ,  1 7 . 5 ,
1 4 . 8 ,  6 . 6 , 1 4 . 4 ,  1 6 . 1 ,
1 1 . 1 ,  1 2 . 5 ,  1 9 . 8 ,  2 2 . 6 ,
1 0 . 3 ,  1 5 . 9 ,  1 5 . 8 ,  1 1 . 5 ,
1 2 . 5 ,  1 3 . 6 ,  1 1 . 9 ,  7 . 6 .  
A v e ra g e  1 2 .8
9 . 4 ,  7 . 1 ,  7 . 4 ,  6 . 7 ,
5 . 1 ,  7 . 8 ,  5 . 8 ,  7 . 2 ,
6 . 8 ,  6 . 8 ,  9 . 5 ,  5 . 8 ,
3 . 5 ,  7 . 6 ,  5 . 3 ,  4 . 7 ,
1 2 . 0 ,  7 . 4 ,  5 . 4 ,  7 . 5 ,
6 . 8 ,  8 . 1 ,  6 . 3 ,  9 . 8 .
A v erag e  7 . 1
1 1 . 9 ,  1 8 . 1 ,  7 . 0 ,  1 1 . 9 ,
7 . 6 ,  1 1 . 3 ,  1 5 . 3 ,  1 1 . 9 ,
1 1 . 1 ,  9 . 5 ,  1 1 . 0 ,  4 . 7 ,
7 . 8 ,  4 . 7 ,  4 . 9 ,  1 0 . 8 ,
4 . 8 ,  7 . 5 ,  1 5 . 5 ,  4 . 1 ,
4 . 7 ,  1 5 . 5 ,  1 5 . 5 ,  9 . 7 .  
A v e rag e  9 . 9
8 . 6 ,  1 0 . 0 ,  1 4 . 4 ,  1 0 . 7 ,
1 0 . 3 ,  1 3 . 2 ,  7 . 5 ,  8 . 1 ,
8 . 6 ,  1 1 . 9 ,  8 . 9 ,  1 0 . 4 ,
1 1 . 0 ,  6 . 0 ,  9 . 7 ,  8 . 7 ,
9 . 4 ,  1 3 . 0 ,  9 . 9 ,  1 3 . 0 ,
5 . 2 ,  1 4 , 1 ,  9 . 1 ,  1 0 . 0 .  
Aver age  1 0 . 0
1 3 . 4 ,  1 2 . 6 ,  1 3 . 3 ,  1 2 . 2 ,
1 0 . 6 ,  1 7 . 0 ,  7 . 0 ,  1 4 . 8 ,
9 . 9 ,  1 3 . 8 ,  1 2 . 9 ,  1 2 . 7 ,
1 2 . 4 ,  1 4 . 3 ,  1 0 . 2 ,  9 . 6 ,
1 7 . 5 ,  2 2 . 6 ,  1 5 . 4 ,  7 . 5 ,
1 3 . 8 ,  1 1 . 0 ,  1 8 . 4 ,  1 5 . 4 .  
A verage  1 3 . 3
1 4 . 0 ,  1 8 . 8 ,  1 4 . 5 ,  1 2 . 8 ,
1 1 . 0 ,  1 4 . 6 ,  1 2 . 9 ,  1 7 . 3 ,
1 2 . 8 ,  1 5 . 3 ,  4 . 6 ,  7 . 0 ,
1 2 . 8 ,  1 4 . 5 ,  1 1 . 1 ,  1 0 . 0 ,
1 5 . 8 ,  7 . 5 ,  1 9 . 8 ,  1 8 . 2 ,
1 3 . 8 ,  1 6 . 9 ,  2 2 . 1 ,  9 . 8 .  
A verage  1 3 . 3
1 1 . 7 ,  7 . 2 ,  1 3 . 1 ,  1 0 . 2 ,
1 4 . 4 ,  7 . 5 ,  1 4 . 2 ,  1 8 . 1 ,
1 6 . 0 ,  1 1 . 3 ,  1 7 . 5 ,  1 6 . 1 ,
1 4 . 2 ,  1 4 . 4 ,  1 8 . 6 ,  2 2 . 4 ,
1 4 . 5 ,  1 6 . 5 ,  1 5 . 3 ,  1 2 . 6 ,
1 0 . 6 ,  1 4 . 2 ,  1 4 . 3 ,  7 . 6 ,  
A v e rag e  1 3 . 8
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3 , R o o t s  t r e a t e d  w i t h  50 p . p . m .  R . M . S . P . ( G r a p h s 4 5 , 4 4  and  4 4 a )  






1 1 . 3 ,  8 . 9 ,  1 2 . 4 ,  8 . 5 ,
1 1 . 5 ,  1 0 . 9 ,  1 1 . 3 ,  1 2 . 0 ,
1 3 . 3 ,  9 . 4 ,  1 1 . 2 ,  7 . 8 ,
1 3 . 2 ,  7 . 9 ,  9 . 2 ,  1 4 . 8 ,
9 . 3 ,  8 . 3 ,  1 3 . 6 ,  9 . 2 ,
8 . 5 ,  1 4 . 0 ,  1 3 . 4 ,  1 0 . 8 .  
Average 1 0 . 9
1 6 . 0 ,  1 5 . 8 ,  1 3 . 5 ,  1 0 . 4 ,
1 1 . 8 ,  1 5 . 0 ,  1 3 . 3 ,  8 . 3 ,
1 6 . 2 ,  1 8 . 3 ,  4 . 8 ,  c < . 5 ,
1 8 . 8 ,  1 3 . 5 ,  8 . 8 ,  2 7 . 0 ,
1 0 . 0 ,  2 4 . 8 ,  2 1 . 4 ,  1 8 . 4 ,
1 1 . 4 ,  1 3 . 8 ,  5 . 8 ,  1 2 . 8 .  
Average 14 . 7
1 4 . 2 ,  1 0 . 2 ,  1 1 . 2 ,  8 . 4 ,
11.2, 8.?j 8.2,  10.0,
1 9 . 8 ,  9 . 6 ,  1 5 . 8 ,  1 0 . 2 ,
2 0 . 4 ,  1 9 . 3 ,  1 6 . 4 ,  9 . 8 ,
1 3 . 1 ,  1 4 . 5 ,  1 1 . 9 ,  1 2 . 9 ,
9 . 4 ,  7 . 7 ,  1 3 . 4 ,  6 . 5 .  
Average 1 2 . 2
1 0 . 9 ,  1 2 . 5 ,  1 1 . 3 ,  1 0 . 7 ,
1 1 . 3 ,  1 2 . 1 ,  1 1 . 5 ,  1 1 . 4 ,
1 1 . 8 ,  1 4 . 9 ,  1 5 . 9 ,  1 8 . 5 ,
2 2 . 2 ,  1 7 . 6 ,  1 4 . 2 ,  2772,
1 0 . 2 ,  2 6 4$ ,  2 0 . 2 ,  2 3 . 3 ,
1 1 . 8 ,  1 2 . 9 ,  1 5 . 7 ,  2 5 . 5 .  
Average 1 5 . 8
1 0 . 7 ,  1 2 . 8 ,  1 0 . 3 ,  1 1 . 8 ,
9 . 4 ,  1 3 . 5 ,  1 1 . 5 ,  1 1 . 0 ,
1 2 . 4 ,  2 0 . 0 ,  1 2 . 8 ,  1 3 . 0 ,
1 7 . 6 ,  2 2 . 2 ,  2 4 . 4 ,  1 5 . 1 ,
9 . 8 ,  1 7 . 1 ,  1 6 . 3 ,  1 5 . 3 ,
9 . 2 ,  1 6 . 8 ,  5 . 7 ,  2 1 . 9 .  
Average 1 4 . 2
1 0 . 8 ,  1 3 . 0 ,  4 . 4 ,  1 2 . 3 ,
2 2 . 3 ,  2 5 . 0 ,  1 9 . 7 ,  2 4 . 4 ,
1 7 . 0 ,  1 0 . 7 ,  1 8 . 6 ,  1 5 . 2 ,
1 8 . 1 ,  2 5 . 6 ,  2 6 . 7 ,  2 5 . 2 ,
5 . 8 ,  1 8 . 1 ,  1 1 . 9 ,  6 . 7 ,
1 5 . 2 ,  1 6 . 8 ,  1 6 . 6 ,  1 2 . 1 .  
Ave r a g e  16 . 7
LOWER SIDES.
1 1 . 8 ,  9 . 8 ,  1 1 . 1 ,  9 . 6 ,
9 . 0 , 1 1 . 0 ,  1 0 . 5 ,  1 4 . 3 ,
1 6 . 2 ,  9 . 1 ,  9 . 7 ,  8 . 5 ,
1 1 . 5 ,  9 . 6 ,  1 0 . 7 ,  1 6 . 1 ,
7 . 4 ,  1 0 . 6 ,  1 2 . 5 ,  1 0 . 7 ,
6 . 5 ,  1 2 . 0 ,  1 0 . 3 ,  1 2 . 4 ,  
A verage  1 0 .9
1 4 . 3 ,  1 4 . 0 ,  7 . 7 ,  1 0 . 2 ,
1 5 . 4 ,  9 . 7 ,  9 . 7 ,  5 . 0 ,
9 . 8 ,  1 0 . 4 ,  1 . 9 ,  2 2 . 6 ,
1 6 . 0 ,  9 . 3 ,  4 . 7 ,  2 4 . 2 ,
1 7 . 0 ,  1 0 . 8 ,  1 1 . 2 ,  1 3 . 2 ,
1 5 . 6 ,  1 5 . 0 ,  1 4 . 2 ,  2 5 . 4 .  
Aver age  1 2 .8
1 1 . 0 ,  7 . 2 ,  9 . 8 ,  5 . 6 ,
2 . 1 ,  6 . 9 ,  5 . 3 ,  1 0 . 3 ,
1 2 . 3 ,  9 . 3 ,  1 3 . 5 ,  5 . 6 ,
1 2 . 9 ,  1 6 . 6 ,  1 5 . 4 ,  1 2 . 9 ,
4 . 9 ,  1 0 . 5 ,  1 5 . 4 ,  6 . 3 ,
8 . 9 ,  1 1 . 7 ,  1 4 . 0 ,  9 . 7 .  
Aver age  9 . 9
1 1 . 9 ,  1 4 . 4 ,  1 3 . 1 ,  1 4 . 5 ,
1 3 . 1 ,  1 5 . 1 ,  1 4 . 1 ,  3 . 7 ,
1 0 . 3 ,  2 0 . 5 ,  1 7 . 6 ,  2 2 . 6 ,
2 7 . 5 ,  2 0 . 0 ,  1 6 . 8 ,  2 7 . 2 ,
1 9 . 2 ,  1 8 . 3 ,  2 6 . 9 ,  2 1 . 0 ,
2 5 . 4 ,  1 9 . 2 ,  1 0 . 6 ,  1 6 . 6 .  
A v e ra g e  1 7 .5
1 0 . 7 ,  1 5 . 0 ,  1 1 . 3 ,  1 7 . 2 ,
1 5 . 6 ,  1 1 . 1 ,  1 1 . 0 ,  8 . 9 ,
1 2 . 9 ,  2 3 . 9 ,  2 2 . 8 ,  2 0 . 8 ,
1 6 . 8 ,  1 8 . 7 ,  1 6 . 7 ,  1 1 . 4 ,
1 5 . 3 ,  1 6 . 3 ,  1 0 . 0 ,  1 3 . 1 ,
2 0 . 0 , 1 6 . 8 ,  2 4 . 7 ,  1 9 . 2 .  
A verage  1 5 .8
1 0 . 8 ,  1 4 . 4 ,  5 . 0 ,  1 0 , 7 ,
1 6 . 3 ,  2 4 . 4 ,  1 9 . 8 ,  2 6 . 1 ,
2 3 . 1 ,  1 9 . 4 ,  1 9 . 1 ,  1 7 . 3 ,
1 5 . 2 ,  2 7 . 0 ,  2 2 . 3 ,  1 2 . 1 ,
1 0 . 0 ,  2 3 . 3 ,  1 2 . 1 ,  1 7 . 7 ,
1 9 . 4 ,  1 4 . 3 ,  6 . 5 ,  1 4 . 8 .  
A verage  16 .7
4 .  R o o t s  t r e a t e d  w i t h  10 p . p .m .  IT.M.S.P .  ( g r a p h s  4 7 , 4 8  and  4 8 a )  
P e r i o d . Growth r a t e s  o f  i n d i v i d u a l  r o o t s  (jd/ m in u te  )
UPFSR SIDES. L DOl'/ER SIDSS.
9 . 5 ,  8 . 4 ,  8 . ? ,  1 3 . 0 ,
9 . 7 ,  9 . 5 ,  6 . 0 ,  9 . 0 ,
1 1 . 1 ,  1 1 . 6 ,  5 . 0 ,  6 . 0 ,
6 . 3 ,  9 . 8 ,  1 1 . 8 ,  8 . 8 ,
1 0 . 1 ,  9 . 6 ,  8 . 6 , 8 . 3 ,
9 . 9 ,  1 1 . 4 ,  1 0 . 6 ,  9 . 8 .  
A verag e  9 .2
1 1 . 3 ,  1 0 . 7 ,  1 0 . 0 ,  9 . 0 ,
6 . 9 ,  1 1 . 2 ,  9 . 0 .  5 , 9 .
8 . 2 ,  8 . 5 ,  8 . 0 ,  7 . 6 ,
7 . 0 ,  6 . 0 ,  9 . 9 ,  6 . 6 ,
1 0 . 4 ,  1 1 . 1 ,  4 . 3 ,  4 . 0 ,
1 3 . 7 ,  8 . 0 ,  7 . 3 ,  1 0 . 3 .





1 1 . 5 , 1 0 . 5 , 1 0 . 2 , 9 . 7 , 6 . 4 , 4 . 9 ,  1 4 . 3 ,  1 0 . 9 ,
17 . 7 , 1 2 . 4 , 1 0 . 9 , 1 2 . 3 , 1 1 . 2 , 9 . 9 ,  8 . 6 , 9 .4 ' ,
1 0 . 2 , 8 . 8 , 1 8 . 7 , 8 . 5 , 1 0 . 5 , 5 . 2 ,  2 . 3 ,  1 3 . 4 ,
1 4 . 1 , 1 0 . 2 , 1 1 . 7 , 1 1 . 7 , 8 . 9 , 8 . 5 ,  1 8 . 2 ,  1 0 . 2 ,
2 2 . 9 , 2 1 . 5 , 1 4 . 9 , 1 8 . 4 , 17 . 7 , 1 7 . 3 ,  1 4 . 9 ,  1 3 . 3 ,
1 7 . 1 , 9 . 4 , 1 8 . 3 , 1 7 . 5 . 1 7 . 9 , 9 . 4 ,  1 4 . 5 ,  1 5 . 0 ,
A verage  13 . 8 A v erag e  1 1 .4
1 5 . 9 , 17 . 0 , 2 1 . 3 , 1 0 . 0 , 9 . 3 , 5 . 1 ,  2 . 3 ,  0 .
1 3 . 8 , 1 5 . 3 , 6 . 2 , 1 4 . 2 , 1 4 . 4 , 8 . 7 ,  2 . 2 ,  6 . 0 ,
1 1 . 8 , 2 0 . 3 , 1 5 . 3 , 1 3 . 2 , 2 . 5 , 1 8 . 3 ,  7 . 7 ,  - 1 . 4 ,
1 3 . 7 , 1 1 . 0 , 7 . 2 , 1 3 . 2 , 0 . 8 , 7 . 5 ,  4 . 4 ,  5 . 7 ,
17 . 0 , 1 4 . 7 , 9 . 1 , 1 8 . 3 , 9 . 1 , 3 . 8 ,  2 . 7 ,  -ID.9 ,
1 5 . 6 , 2 0 . 3 , 1 3 . 8 , 1 5 . 6 . 9 . 7 , 3 . 3 ,  0 . 3 ,  4 . 0 .
A v e rag e  14 . 3 A verage  4 . 8
1 3 . 8 , 7 . 8 , 1 1 . 1 , 1 1 . 1 , 7 . 4 , 1 1 . 8 , 1 2 . 0 , 8 . 7 ,
8 . 7 , 1 4 . 6 , 1 0 . 9 , 1 1 . 1 , 1 4 . 5 , 1 2 . 4 ,  1 9 . 8 ,  1 2 . 4 ,
9 . 9 , 1 6 . 8 , 5 . 4 ,  1 4 . 1 , 1 3 . 4 , 1 2 . 6 ,  1 7 . 3 ,  5 . 0 ,
8 . 1 , 2 0 . 1 , 1 2 . 5 , 1 3 . 0 , 17 . 0 , 2 2 . 4 ,  1 8 . 6 ,  1 5 . 2 ,
1 5 . 7 , 8 . 2 , 8 . 6 , 1 0 . 0 , 1 8 . 8 , 1 2 . 7 ,  1 2 . 7 ,  1 5 . 5 ,
27 . 8 , 17 . 6 , 1 4 . 6 , 14 . 6 . 1 4 . 3 , 9 . 6 ,  2 0 . 7 ,  1 4 . 9 .
A v e rag e  1 2 . 8 A v erag e  1 4 .2
2 3 . 6 , 1 3 . 2 , 1 1 . 6 , 1 2 . 2 , 2 3 . 3 , 1 5 . 0 ,  1 8 . 5 ,  1 9 . 5 ,
5 . 7 ,  '9 . 7 ,  5 . 0 , 11 • 6 , 1 8 . 0 , 1 9 . 6 ,  1 5 . 9 ,  1 8 . 5 ,
1 5 . 6 , 1 3 . 8 , 1 1 . 5 , 2 8 . 7 , 17 . 4 , 2 5 . 4 ,  1 8 . 7 ,  2 6 . 5 ,
1 3 . 1 , 2 0 . 7 , 1 3 . 8 , 1 6 . 7 , 1 5 . 3 , 2 3 . 6 ,  1 7 . 1 ,  2 0 . 6 ,
1 3 . 1 , 1 2 . 3 , 1 1 . 0 , 8 . 8 , 1 3 . 9 , 8 . 7 ,  1 5 . 7 ,  1 3 . 5 ,
1 1 . 0 , 7 . 3 , 1 3 . 5 , 1 1 . 0 . 9 . 8 , 8 . 9 ,  1 7 . 3 ,  1 2 . 5 .
A verage  13 . 1 A verage  1 7 .2
1 4 . 9 , 2 0 . 1 , 9 . 3 ,  :1 4 . 0 , 1 4 . 7 , 1 9 . 7 ,  1 5 . 0 ,  1 8 . 0 ,
17 . 9 , 1 5 . 4 , 17 . 8 , 1 5 . 3 , 1 8 . 1 , 1 8 . 6 ,  2 2 . 9 ,  1 5 . 3 ,
1 5 . 7 , 1 5 . 7 , 1 9 . 4 , 15 . 8 , 1 4 . 8 , 2 1 . 1 ,  1 5 . 1 ,  1 0 . 6 ,
1 5 . 7 , 17 . 9 , 1 5 . 7 , 1 5 . 0 , 1 4 . 7 , 1 7 . 2 ,  1 5 . 1 ,  1 4 . 7 ,
2 1 . 0 , 1 9 . 8 , 1 3 . 6 , 1 6 . 9 , 2 1 . 3 , 1 0 . 8 ,  1 5 . 1 ,  1 8 . 4 ,
1 8 . 4 , 1 6 . 8 , 1 8 . 3 , 1 5 .7  . 2 1 . 1 , 1 7 . 3 ,  1 6 . 4 ,  1 5 . 1 .
A v erag e  16.!5 A verage  1 6 .7
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Graph 51.  G eo tro p ic  c u r v a tu r e  i n  r o o t s  t r e a t e d  w i t h
-2
3x10 p . p . m .  2 , 4 - D .  p l u s  5Q p . p . m .  1T.M.S.Æ. 
R o t a t i o n  t i m e ,  p r è é r  t o  s t i m u l a t i o n : -  0 -  3 : 0 0  h o u r s . 
S t i m u l a t i o n  t i m e : -  3 :0 0  -  3 : 4 0  h o u r s .
T im e.










D e g ree s  o f  c u r v a t u r e  o f  i n d i v i d u a l  r o o t s .
C o n t r o l s .
0
12 ,  0 ,  3, 11 ,  8 ,
10, 8 , 11.
A verage  7 . 9
17 ,  8 ,  10 ,  14 ,  10, 
15 ,  12 ,  1 5 .
A v erag e  1 2 .6
18,  11, 11 ,  16 ,  12, 
18,  13,  1 8 .
A v erag e  1 4 .6
20 ,  17 ,  17 ,  22 ,  13, 
24 ,  20 ,  2 4 .
A verage  1 9 .6
24 ,  2 2 ,  18 ,  2 4 ,  16,
2 5 ,  22 ,  2 3 .
A verage  2 1 .8
2 8 ,  20 ,  2 8 ,  16 ,  - ,
27 ,  2 0 ,  2 4 .
A verage  2 3 . 3
2 8 ,  34 ,  22 ,  30 ,  18, 
30 ,  19,  2 4 .
A v e rag e  2 5 .6
23 ,  38 ,  15 ,  37 ,  15,
2 4 ,  14 ,  1 8 .
A verage  2 3 . 0
17,  35 ,  12,  3 4 ,  16, 
22 ,  12 ,  17 .
A v erag e  2 0 .6
T r e a t e d  r o o t s .
0
10 ,  2 ,  9 ,  5 ,  9 ,
7 ,  2 ,  0 ,  8 .
A v erag e  5 . 8
10,  11 ,  8 ,  , 1 5 ,  14 ,  
7 ,  5 ,  16 ,  1 1 .
A verage  977
15 ,  13, 10,  12, 10,  
18 ,  19 ,  5 ,  9 .  
A verage  1 2 .3
22,  15,  13 ,  10 ,  13 ,
23 ,  2 1 ,  10 ,  12 .  
A v erag e  1 6 .3
25 ,  2 1 ,  20 ,  15, 30 ,
16 ,  2%, 12 ,  14 .  
A v e rag e  1 9 .4
31 ,  2 2 ,  25 ,  17, 32 ,
17 ,  2 3 ,  17,  15 .  
A verag e  2 2 . 1
30 ,  2 3 ,  19 ,  27 ,  15 ,  
34 ,  22 ,  19,  18.  
A verage  2 3 . 0
33 ,  20 ,  2 0 ,  25 ,  14,
2 6 ,  24 ,  17, 13 .  
A verage  2 1 . 3
30 ,  18,  2 1 ,  21 ,  11,  
2 2 ,  17,  15 ,  12 .  
A verage  1 8 .6
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—2
C u r v a t u r e  i n  r o o t s  t r e a t e d  w i t h  3x10 p . p . m .  2 , 4 - D .  
p l u s  30 p . p . m .  ÎT.M.S.P. ( c o n t i n u e d ) .
T im e .
5 :3 5 h r s
6 :1 5
6 : 4 2
7 :08
7 :38
8 : 3 0
D eg ree s  o f  c u r v a t u r e  o f  i n d i v i d u a l  r o o t s . 
C o n t r o l s .
17 ,  31 ,  8 , 33 ,  15,  
2 1 ,  11 ,  15 .
A v erag e  1 9 .0
9 ,  20 ,  4 ,  28 ,  16,  
17,  5 ,  13 .
A v erag e  1 2 .8
6 , 19 ,  0 ,  22 ,  3 ,
12, 11.
A v erag e  9 . 4
0 ,  0 ,  0 ,  17,  - 6 ,
10 ,  3 ,  1 3 .  
A verage ^4 . 6
0 , 0 , 0 , 6 , -12,
0 , 8 , 16 .
2 . 3
0 ,  0 ,  O, 0 ,  - 1 2 ,
0 , - 1 8 ,  16 .
A v erag e  - 1 . 8
T r e a t e d  r o o t s .
28 ,  16 ,  22 ,  24 ,  12 ,
20 ,  16 ,  14 ,  13 .
A verage  1 8 . 3
28 ,  15 ,  2 5 ,  18, 5 ,
12 ,  10 ,  11 ,  S .
A verage  1 2 .4
21 ,  9 ,  2 3 ,  9 ,  4 ,
10 , 8 , 11 , 8 . 
A v erag e  1 1 .4
15 ,  0 ,  22 ,  7 ,  4 ,
0 , 8 , 12, 10 . 
Av e r a g e  8 .7
15 ,  0 ,  2 4 ,  0 ,  5 ,
0 ,  5 ,  8 , 0 ,
A verag e  6 . 3
15, O, 21 ,  0 ,  4 ,
0 ,  5 ,  10 ,  0 .
A verage  6 . 1
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GranVis 2 5 .  2 6 .  2 6 a .  5 2 . -  55  â n d.,5 5 a «
—2
G row th  r a t e s  o f  r o o t s  t r e ated, w i t h  5x10 p . p .m .  2 , 4 - D . ,
-2
3x10 p . p .m .  2 , 4-D  p l u s 50 p . p .m .  F .M .S . P .  and c o n t r o l s .  
G rowth  r a t e s  e x p r e s s e d  i n  j j . /m in u te .
1 . COUTROIB OP ALL EXPERIIEITTS.
P e r i o d .  Growth r a t e s  o f  UPPER SIDES d u r i n g  p e r i o d .
Tn a e ,  1 1 . 5 ,  1 0 . 2 ,  1 1 . 1 ,  8 . 1 ,  1 0 . 0 ,  1 1 . 2 ,  8 . 6 , 1 1 . 6 ,
7 . 2 ,  5 . 8 ,  8 . 1 ,  1 2 . 0 ,  8 . 7 ,  8 . 9 ,  8 . 9 ,  1 0 . 0 ,  8 . 1 ,
1 1 . 0 ,  1 0 . 3 ,  9 . 2 ,  3 . 7 ,  8 . 7 ,  8 . 7 ,  8 . 1 ,  7 1 5 ,  7 . 5 ,
8 . 1 ,  1 2 . 6 ,  1 3 . 0 ,  9 . 0 ,  9 . 4 ,  9 . 7 ,  1 1 . 9 ,  1 1 . 5 ,  5 . 9 ,
7 . 4 ,  1 0 . 0 ,  7 . 7 ,  9 . 2 ,  8 . 3 ,  9 . 8 ,  6 . 4 ,  5 . 6 ,  8 . 3 ,
8 . 0 ,  6 . 5 ,  6 . 5 .
A v e rag e  8 .9
Tp 1 8 . 9 ,  1 0 . 9 ,  1 6 . 0 ,  1 5 . 5 ,  1 2 . 5 ,  1 2 . 2 ,  1 4 . 9 ,  7 . 5 ,
1 2 . 7 ,  1 7 . 2 ,  6 . 8 , 1 2 . 4 ,  1 1 . 8 ,  1 6 . 8 ,  1 2 . 9 ,  1 2 . 9 ,
1 6 . 8 ,  1 5 . 8 ,  1 0 . 9 ,  1 5 . 6 ,  1 5 . 9 ,  1 8 . 6 ,  1 5 . 6 ,  1 5 . 6 ,
1 3 . 9 ,  8 . 8 , 1 3 . 5 ,  2 3 . 1 ,  1 1 . 9 ,  1 3 . 5 ,  7 . 9 ,  1 0 . 8 ,
7 . 1 ,  9 . 7 ,  1 7 . 0 ,  6 . 8 , 1 2 . 3 ,  1 1 . 8 ,  1 0 . 6 ,  1 3 . 4 ,
2 0 . 4 ,  1 4 . 3 ,  1 2 . 7 ,  6 . 1 ,  1 0 . 6 ,  8 . 9 ,  1 2 . 0 ,  1 3 . 2 .  
A v e rag e  1 3 .1
T- 4 . 7 ,  5 . 5 ,  3 . 1 ,  3 . 3 ,  8 . 6 , 9 . 4 ,  6 . 1 ,  6 . 3 , 9 . 8 , 1 1 . 4 ,
9 . 4 ,  1 1 . 9 ,  1 0 . 5 ,  5 . 3 ,  2 . 7 ,  8 . 7 ,  1 5 . 1 ,  1 0 . 5 ,  7 . 0 ,
1 1 . 2 ,  1 1 . 0 ,  1 1 . 0 ,  1 . 7 ,  9 . 1 ,  6 . 3 ,  1 1 . 3 ,  9 . 4 ,  6 . 8 ,
4 . 7 ,  7 . 1 ,  7 . 5 ,  1 1 . 4 ,  9 . 8 ,  3 . 9 ,  7 . 9 ,  7 . 4 ,  6 . 2 ,  7 . 4 ,
6 . 3 ,  7 . 8 ,  6 . 1 ,  6 . 4 ,  2 . 4 ,  4 . 4 ,  8 . 5 ,  5 . 9 .
A v e ra g e  7 . 7
T4 7 . 4 ,  7 . 4 ,  1 3 . 3 ,  7 . 0 ,  1 1 . 6 ,  8 . 4 ,  1 4 . 7 ,  1 4 . 2 ,  9 . 9 ,
8 . 7 ,  4 . 5 ,  7 . 6 ,  9 . 9 ,  7 . 7 ,  4 . 9 ,  7 . 6 ,  1 2 . 1 ,  3 . 1 ,  6 . 7 ,
1 1 . 0 ,  9 . 2 ,  8 . 3 ,  8 . 4 ,  8 . 4 ,  8 . 4 ,  1 0 . 9 ,  7 . 5 ,  9 . 6 ,
3 . 0 ,  3 . 9 ,  1 0 . 8 ,  7 . 9 ,  9 . 0 ,  7 . 0 ,  1 1 . 0 ,  6 . 0 ,  7 . 1 ,
1 1 . 4 ,  9 . 6 ,  1 0 . 2 ,  3 . 0 ,  7 . 9 ,  9 . 5 ,  8 . 4 ,  1 1 . 9 ,  1 3 . 6 ,
1 2 . 4 ,  9 . 6 .
A v e rag e  8 .8
T5 9 . 2 ,  1 0 . 3 ,  6 . 0 ,  6 . 5 ,  1 4 . 9 ,  1 1 . 0 ,  1 2 . 7 ,  1 1 . 6 ,  1 1 . 2 ,
7 . 7 ,  6 . 7 ,  1 1 . 6 ,  1 6 . 0 ,  1 1 . 9 ,  1 2 . 9 ,  1 1 . 1 ,  1 8 . 1 ,  1 6 . 6 ,
1 1 . 3 ,  1 0 . 2 ,  1 3 . 6 ,  1 4 . 1 ,  1 4 . 0 ,  1 4 . 0 ,  1 4 . 6 ,  8 . 0 ,
1 1 . 4 ,  7 . 6 ,  8 . 3 ,  1 0 . 4 ,  1 3 . 6 ,  1 5 . 4 ,  1 6 . 3 ,  1 3 . 9 ,  1 6 . 7 ,
1 0 . 6 , 1 1 . 8 , 1 0 . 6 ,  1 1 . 2 ,  1 3 . 0 ,  1 7 . 0 ,  1 5 . 1 ,  1 1 . 5 ,
1 1 . 5 ,  1 9 . 7 ,  1 0 . 3 ,  8 . 4 ,  1 5 . 7 .
A v e rag e  1 2 .2
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C o n t ro ls  of  a l l  exp e r im en ts  ( c o n t i n u e d ) .
P e r i o d .  Growth, r a t e s  o f  UPPER S U E S  d u r i n g  p e r i o d .
Tg 1 1 . 3 ,  1 6 . 7 ,  2 7 . 0 ,  2 7 . 7 ,  1 6 . 0 ,  1 7 . 0 ,  1 2 . 4 ,  1 7 . 3 ,
1 5 . 7 ,  1 6 . 2 ,  9 . 8 ,  1 6 . 2 ,  2 0 . 0 ,  2 4 . 3 ,  2 6 . 5 ,  1 8 . 4 ,
1 6 . 9 ,  1 5 . 7 ,  1 7 . 7 ,  1 7 . 4 ,  1 8 . 3 ,  1 5 . 1 ,  1 6 . 8 ,  1 6 . 8 ,
1 7 . 0 ,  5 . 8 ,  2 0 . 1 ,  1 2 . 1 ,  2 6 . 4 ,  1 6 . 5 ,  1 5 . 4 ,  1 4 . 8 ,
1 4 . 1 ,  1 5 . 9 ,  1 5 . 8 ,  1 2 . 0 ,  1 8 . 7 ,  1 7 . 2 ,  1 5 . 2 ,  1 5 . 6 ,
8 . 4 ,  1 8 . 0 ,  1 7 . 2 ,  1 6 . 1 ,  2 0 . 6 ,  1 2 . 8 ,  1 1 . 0 ,  1 7 . 6 ,
A verage  16 .7
P e r i o d .  Growth r a t e s  o f  LOWER SIDES d u r i n g  p e r i o d .
T, 1 0 . 8 ,  1 2 . 7 ,  9 . 5 ,  1 0 . 5 ,  8 . 7 ,  1 0 . 5 ,  1 2 . 0 ,  8 . 7 ,  9 . 8 ,
9 . 9 ,  7 . 2 ,  8 . 5 ,  8 . 3 ,  9 . 4 ,  8 . 9 ,  8 . 9 ,  1 0 . 7 ,  4 . 8 ,
8 . 6 , 1 0 . 4 ,  8 . 6 , 3 . 8 ,  7 . 8 ,  7 . 8 ,  1 1 . 9 ,  3 . 7 ,  7 . 5 ,
7 . 0 ,  1 2 . 4 ,  1 2 . 6 , 8 . 1 ,  9 . 0 ,  6 . 8 , 1 0 . 5 ,  I I . 1 ,  5 . 4 ,
6 . 5 ,  8 . 7 ,  9 . 6 ,  8 . 4 ,  12.-2, 1 0 . 6 ,  8 . 4 ,  5 . 4 ,  4 . 7 ,
7 . 7 ,  7 . 7 ,  3 .7  .
A v e ra g e  8 .7
Tp 1 1 . 8 ,  6 . 2 ,  1 0 . 9 ,  1 1 . 3 ,  8 . 0 ,  1 0 . 0 ,  1 0 . 4 ,  6 . 7 ,  8 . 8 ,
^ 1 3 . 4 ,  4 . 8 ,  1 0 . 0 ,  1 2 . 8 ,  8 . 2 ,  9 . 7 ,  9 . 7 ,  9 . 7 ,  1 3 . 1 ,
7 . 0 ,  1 1 . 2 ,  9 . 5 ,  1 4 . 3 ,  1 0 . 8 ,  1 0 . 8 ,  1 2 . 3 ,  6 . 5 ,  6 . 9 ,
1 5 . 9 . . 5 . 5 ,  0 . 8 ,  6 . 1 ,  3 . 9 ,  6 . 8 , 5 . 0 ,  1 4 . 2 ,  4 . 2 ,
8 . 6 , 8 . 0 ,  9 . 6 ,  4 . 4 ,  1 4 . 2 ,  9 . 9 ,  8 . 5 ,  7 . 6 ,  5 . 2 ,  9 . 0 ,
9 . 0 ,  9 . 0 .
A verage  9 . 0
T.
T4
1 . 6 ,  3 . 0 ,  - 2 . 2 ,  3 . 3 ,  7 . 0 ,  2 . 7 ,  4 . 2 ,  3 . 0 ,  2 . 5 ,
- 0 . 8 ,  4 . 0 ,  1 . 6 ,  2 . 2 ,  0 . 8 ,  2 . 7 ,  2 . 1 ,  1 0 . 2 ,  5 . 8 ,
5 . 9 ,  2 . 7 ,  7 . 1 ,  7 . 6 ,  6 . 6 , 6 . 6 , 0 . 9 ,  1 . 5 ,  4 . 2 ,  5 . 5 ,
9 . 8 ,  6 . 8 , 1 . 0 ,  4 . 3 ,  8 . 4 ,  8 . 2 ,  3 . 6 ,  —1 . 6 ,  2 . 8 ,
6 . 7 ,  3 . 3 ,  5 . 4 ,  - 0 . 2 ,  0 . 6 ,  2 . 3 ,  - 2 . 0 ,  - 4 . 4 ,  2 . 0 ,
—0 . 4 ,  —2 . 6 .
A v e rag e  3 . 5
8 . 6 , 1 0 . 3 ,  1 5 . 8 ,  7 . 9 ,  1 0 . 5 ,  1 5 . 1 ,  1 4 . 9 ,  1 6 . 5 ,  1 7 . 9 ,
1 0 . 3 ,  5 . 7 ,  1 1 . 3 ,  1 3 . 4 ,  1 2 . 0 ,  9 . 1 ,  1 1 . 4 ,  1 1 . 0 ,  7 . 3 ,
1 2 . 5 ,  1 4 . 1 ,  1 1 . 3 ,  1 3 . 0 ,  1 1 . 5 ,  1 1 . 5 ,  9 . 4 ,  9 . 1 ,  1 1 . 3 ,
7 . 8 ,  5 . 5 ,  6 . 8 , 2 . 1 ,  7 . 4 ,  1 0 . 3 ,  1 2 , 4 ,  1 5 . 3 ,  7 . 9 ,
1 0 . 0 ,  1 2 . 6 ,  1 0 . 3 ,  1 2 . 4 ,  1 0 . 0 ,  1 2 . 4 ,  1 2 . 2 ,  9 . 3 ,
1 2 . 7 ,  1 4 . 2 ,  1 4 . 0 ,  1 2 . 3 .
A v erag e  3LLi.l
2 2 8
C o n t r o l s  o f  a l l  e x p e r i m e n t s ♦ ( c o n t i n u e d ) .  
g e r i o d . Growth r a t e s  o f  EOtJER SIDES d u r i n g  p e r i o d .
T5
Te
1 2 . 2 , 1 1 . 2 , 1 9 . 2 , 1 5 . 3 , 1 8 . 6 , 1 3 . 8 , 1 0 . 6 , 1 0 . 4 ,
1 9 . 6 , 1 5 . 7 , 1 4 . 6 , 1 1 . 3 , 1 2 . 4 , 1 2 . 1 , 1 6 . 6 , 1 3 . 9 ,
1 8 . 6 , 1 9 . 6 , 8 . 9 , 1 2 . 9 , 1 4 . 9 , 1 6 . 0 , 8 . 8 , 1 0 . 3 ,
1 3 . 5 , 1 8 . 7 , 1 7 . 3 , 1 6 . 0 , 1 5 . 9 , 9 . 8 , 1 4 . 3 , 1 1 . 2 ,
17 . 5 , 1 4 . 6 , 1 5 . 0 , 1 4 . 6 , 1 0 . 3 , 1 6 . 0 , 17 . 5 , 1 6 . 2 ,
1 2 . 1 , 2 0 . 9 , 1 7 . 0 , 1 3 . 2 , 1 7 . 5 , 1 4 . 5 , 1 4 . 8 , 1 0 . 7 .
A v erag e  14 . 5
2 2 . 0 , 2 0 . 0 , 8 . 7 , 1 9 . 4 , 1 5 . 1 , 1 6 . 0 , 2 4 . 7 , 2 0 . 3 ,
2 3 . 1 , ' 9 . 4 , 1 6 . 8 , 1 9 . 2 , 2 8 . 3 , 14 * 6 , 1 6 . 5 , 1 7 . 1 ,
1 5 . 1 , 1 5 . 3 , 2 0 . 3 , 2 1 . 4 , 2 2 . 5 , 1 5 . 2 , 1 4 . 0 , 1 7 . 1 ,
17 . 4 , 2 1 . 9 , 2 0 . 3 , 1 9 . 6 , 2 0 1 0 , 1 1 . 4 , 1 9 . 4 , 1 9 . 5 ,
1 8 . 1 , 17 . 1 , 1 7 . 9 , 13 .7 , 1 6 . 7 , 2 3 . 8 , 1 8 . 2 , 1 5 . 6 ,
1 4 . 3 , 21  • 3_, 7 . 7 , 2 0 . 2 , 1 8 . 2 , 1 6 . 8 , 1 6 . 2 , 1 9 . 3 .
M ê r a g e  17 #8
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- 2
2 ,  R o o t s  t r e a . t ê d  w i t h  3x10 p . p .m .  2 , 4 -D ,  (G rap h s  2 5 , 2 6 , 2 6 a ,
53 an d  5 3 a )







UPE5R S U E S .
6 . 5 ,  7 . 2 ,  7 . 1 ,  7 . 5 ,
5 . 7 ,  6 . 1 ,  5 . 6 ,  8 . 2 ,
5 . 9 ,  5 . 2 ,  7 . 0 ,  6 . 7 ,
4 . 7 ,  9 . 3 ,  3 . 8 ,  5 . 2 ,
8 . 5 ,  7 . 1 ,  6 . 3 ,  1 0 . 7 ,
7 . 1 ,  6 . 9 ,  8 . 1 ,  7 . 7 .  
A v e rag e  6 . 8
8 . 9 ,  1 2 . 4 ,  1 2 . 4 ,  1 3 . 7 ,
1 0 . 9 ,  1 . 5 ,  1 0 . 9 ,  1 1 . 7 ,
13. * 4 ,  1 3 . 8 ,  1 3 . 4 ,  1 4 . 3 ,
8 . 9 ,  9 . 1 ,  1 0 . 4 ,  1 1 . 6 ,
9 . 6 ,  1 0 . 2 ,  9 . 1 ,  6 . 0 ,
8 . 4 ,  7 . 9 ,  8 . 1 ,  8 . 1 .  
A v e ra g e  1 0 .1
6 . 3 ,  1 1 . 3 ,  6 . 1 ,  1 . 9 ,
3 . 0 ,  5 . 0 ,  3 . 6 ,  2 . 2 ,
8 . 6 , 5 . 1 ,  7 . 9 ,  5 . 4 ,
6 . 8 , 5 . 3 ,  3 . 2 ,  5 . 7 ,
1 . 2 ,  4 , 5 ,  5 . 0 ,  8 . 1 ,
2 . 6 ,  4 . 1 ,  3 . 0 ,  0 . 7 .  
A v e rag e  4 . 9
7 . 0 ,  6 . 1 ,  6 . 5 ,  2 . 8 ,
5 . 8 ,  0 . 7 ,  9 . 8 ,  8 . 6 ,
6 . 1 ,  2 . 3 ,  6 . 8 , 6 . 7 ,
8 . 8 , 6 . 5 ,  7 . 5 ,  6 . 9 ,
7 . 0 ,  6 . 0 ,  7 . 0 , — 0 . 6 ,
7 . 3 ,  4 . 5 ,  4 . 8 ,  9 . 4 .  
A v e rag e  5 . 9
1 0 . 3 ,  1 6 . 8 ,  1 0 . 0 ,  9 . 7 ,
1 0 . 8 ,  1 6 . 0 ,  1 5 . 4 ,  1 2 . 2 ,
7 . 7 ,  1 1 . 2 ,  5 . 8 ,  8 . 5 ,
1 0 . 6 ,  6 . 6 , 1 4 . 1 ,  6 . 9 ,
1 4 . 1 ,  1 2 . 8 ,  1 0 . 9 ,  5 . 1 ,
1 0 . 7 ,  1 4 . 3 ,  4 . 8 ,  6 . 0 .  
A v e rag e  1 0 . 4
7 . 4 ,  6 . 7 ,  6 . 7 ,  8 . 0 ,
1 0 . 7 ,  2 . 0 ,  1 2 . 0 ,  6 . 7 ,
8 . 1 ,  6 . 8 , 1 3 . 2 ,  1 0 . 3 ,
8 . 6 , 1 1 . 9 ,  1 0 . 8 ,  4 . 6 ,
5 . 3 ,  7 . 3 ,  1 5 . 1 ,  9 . 8 ,
1 1 . 2 ,  1 3 . 4 ,  6 . 6 , 4 . 5 .  
A verage 8 . 7
LOVfflR S U E S .
7 . 1 ,  7 . 0 ,  5 . 4 ,  4 . 2 ,
5 . 0 ,  5 . 8 ,  6 . 5 ,  7 . 2 ,
8 . 4 ,  7 . 3 ,  9 . 5 ,  9 . 5 ,
1 0 . 7 ,  8 . 8 ,  1 1 . 6 ,  9 . 4 ,
7 . 4 ,  6 . 2 ,  1 0 . 2 ,  8 . 3 ,
7 . 3 ,  4 . 2 ,  7 . 7 ,  8 . 2 .
A v erag e  7 . 6
7 . 3 ,  8 . 4 ,  1 3 . 5 ,  1 0 . 4 ,
7 . 1 ,  1 . 2 ,  1 0 . 4 ,  7 . 6 ,
8 . 4 ,  8 . 6 ,  7 . 9 ,  8 . 6 ,
3 . 8 ,  7 . 0 ,  5 . 9 ,  9 . 1 ,
2 . 6 ,  7 . 6 ,  6 . 4 ,  4 . 1 ,
4 . 9 ,  4 . 5 ,  4 . 3 ,  5 . 1 .  
A v e rag e  6 . 9
4 . 2 ,  5 . 8 ,  0 . 3 ,  0 ,
- 1 . 3 ,  3 . 1 ,  1 . 6 ,  1 . 3 ,
2 .6 , 1 .8 , 1 .8, 0 .8 ,
6 . 0 ,  3 . 7 ,  0 . 6 ,  3 . 3 ,
0 ,  1 . 7 ,  5 . 2 ,  0 ,
0 . 7 ,  5 . 0 ,  0 . 2 ,  - 3 . 0 .  
A verage  1 . 9
1 0 . 7 ,  1 6 . 5 ,  9 . 6 ,  4 . 4 ,
1 0 . 9 ,  7 . 9 ,  1 1 . 9 ,  1 2 . 6 ,
1 2 . 5 ,  8 . 6 ,  1 0 . 6 ,  1 0 . 9 ,
1 3 . 9 ,  1 9 . 6 ,  1 1 . 6 ,  1 0 . 9 ,
1 1 . 9 ,  1 0 . 7 ,  1 0 . 0 ,  2 . 9 ,
9 . 2 ,  4 . 1 ,  3 . 4 ,  5 . 6 .  
A verage  9 .7
1 0 . 0 ,  1 4 . 1 ,  1 6 . 5 ,  1 7 . 0 ,
6 . 2 ,  8 . 6 ,  9 . 2 ,  1 0 . 8 ,
9 . 6 ,  1 1 . 3 ,  8 . 1 ,  7 . 9 ,
1 2 . 7 ,  1 0 . 9 ,  1 2 . 1 ,  9 . 6 ,
1 2 . 7 ,  1 1 . 7 ,  6 . 4 ,  8 . 2 ,
1 0 . 6 ,  1 1 . 2 ,  8 . 1 ,  1 3 . 1 .  
A v erag e  1 0 .7
8 . 0 ,  6 . 7 ,  1 3 . 3 ,  8 . 0 ,
6 . 7 ,  7 . 4 ,  1 8 . 0 ,  8 . 7 ,
1 1 . 1 ,  5 . 9 ,  1 4 . 1 ,  1 0 . 0 ,
1 3 . 3 ,  1 2 . 4 ,  7 . 3 ,  7 . 3 ,
1 1 . 0 ,  1 3 . 5 ,  1 0 . 1 ,  1 4 . 0 ,
6 . 7 ,  1 0 . 3 ,  1 1 . 2 ,  1 1 . 9 ,  
A v e rag e  1 0 . 3
2 3 0
3 .  5x10 p . p . m .  2 , 4 -D .  p l u s  30 p . p . m .  IT.M.S . P . ( G raphs  52 ,
55 and 5 5 a )






UPPER a i r î î s .
8 . 1 ,  9 . 2 ,  5 . 2 ,  8 . 2 ,
8 . 6 ,  9 . 1 ,  1 1 . 7 ,  6 . 8 ,
1 . 5 ,  4 . 0 ,  5 . 3 ,  5 . 2 ,
1 0 . 2 ,  5 . 5 ,  5 . 3 ,  5 . 3 ,
7 . 0 ,  7 . 2 ,  8 . 8 ,  8 . 7 ,
7 . 2 ,  5 . 8 ,  5 . 7 ,  8 . 9 ,  
.A.verage 7 . 0
1 4 . 9 ,  1 2 . 7 ,  1 5 . 5 ,  1 3 . 9 ,
1 6 . 5 ,  1 3 . 7 ,  2 0 . 5 ,  1 5 . 3 ,
1 4 . 5 ,  1 1 . 0 ,  1 5 . 1 ,  1 0 . 0 ,
1 4 . 7 ,  5 . 9 ,  6 . 7 ,  8 . 2 ,
8 . 1 ,  1 8 . 7 ,  1 1 . 9 ,  1 2 . 8 ,
7 . 3 ,  1 5 . 3 ,  1 2 . 9 ,  1 2 . 5 .  
A v e rag e  1 2 . 9
9 . 8 ,  1 5 . 8 ,  1 1 . 9 ,  8 . 0 ,
1 4 . 0 ,  1 4 . 9 ,  1 1 . 0 ,  1 0 . 4 ,
1 0 . 6 ,  9 . 5 ,  1 5 . 1 ,  1 0 . 8 ,
1 4 . 9 ,  4 . 0 ,  1 4 . 5 ,  1 1 . 4 ,
1 0 . 7 ,  1 6 . 2 ,  1 3 . 8 ,  1 4 . 1 ,
7 . 4 ,  9 . 3 ,  1 9 . 6 ,  6 . 2 .  
A v e rag e  1 1 . 8
7 . 5 ,  9 . 5 ,  - 3 . 1 ,  1 8 . 0 ,
1 3 . 3 ,  9 . 1 ,  7 . 0 ,  1 2 . 1 ,
9 . 2 ,  7 . 1 ,  1 3 . 4 ,  1 2 . 0 ,
1 5 . 7 ,  1 4 . 5 ,  9-.6,  1 4 . 4 ,
7 . 8 ,  2 1 . 3 ,  1 7 . 8 ,  1 1 . 0 ,
1 3 . 1 ,  1 4 . 4 ,  1 2 . 2 ,  1 7 . 3 .  
A v e rag e  1 1 . 8
1 5 . 3 ,  1 5 . 1 ,  1 4 . 1 ,  1 6 . 6 ,
1 7 . 5 ,  2 0 . 4 ,  2 0 . 9 ,  2 0 . 5 ,
1 5 . 7 ,  8 . 6 ,  1 7 . 5 ,  1 1 . 3 ,
1 5 . 6 ,  1 7 . 7 ,  1 3 . 3 ,  1 1 . 9 ,  
16 . 1 ,  14 . 2 ,  IfC"-. 6 ,  1 1 . 5 ,
1 0 . 1 ,  2 4 . 9 ,  1 3 . 6 ,  1 8 . 1 .  
A v e rag e  1 5 . 6
1 8 . 0 ,  1 2 . 8 ,  1 2 . 5 ,  I S . 5 ,
1 5 . 5 ,  1 8 . 0 ,  1 3 . 6 ,  1 5 . 0 ,
1 5 . 0 ,  1 1 . 0 ,  1 4 . 1 ,  1 6 . 2 ,
9 . 2 ,  1 6 . 9 ,  1 4 . 8 ,  1 3 . 9 ,
1 2 . 5 ,  9 . 6 ,  1 1 . 8 ,  1 3 . 9 ,
1 7 . 0 ,  1 6 . 2 ,  1 4 . 2 ,  1 7 . 0 .  
A v e rag e  1 4 . 3
LOV..FER S U E S .
7 . 3 ,  9 . 4 ,  5 . 4 ,  7 . 6 ,
7 . 8 ,  7 . 3 ,  7 . 7 ,  7 . 8 ,
5 . 8 ,  5 . 5 ,  5 . 6 ,  1 . 7 ,
1 0 . 5 ,  5 . 1 ,  5 . 7 ,  5 . 7 ,
8 . 0 ,  6 . 2 ,  9 . 2 ,  8 . 3 ,
6 . 6 ,  9 . 3 ,  7 . 3 ,  9 . 2 .  
A v e rag e  7 . 1
1 4 . 9 ,  1*^.0, 8 . 2 ,  5 . 8 ,
14 .3-, 3-4 . 4 ,  3-6 . 5 ,  1 1 .  5 ,
8 . 0 ,  7 . 4 ,  9 . 6 ,  5 . 8 ,
1 3 . 4 ,  3 . 5 ,  3 . 5 ,  7 . 8 ,
7 . 6 ,  2 0 . 0 ,  1 0 . 8 ,  1 2 . 8 ,
7 . 6 ,  1 6 . 9 ,  1 0 . 5 ,  1 0 . 5 .  
A v e rag e  1 0 . 5
3 . 2 ,  7 . 5 ,  - 5 . 6 ,  5 . 3 ,
1 0 . 5 ,  5 . 3 ,  4 . 2 ,  9 . 5 ,  
- 2 . 4 ,  4 . 3 ,  1 3 . 6 ,  3 . 6 ,
9 .6 , -0 . 6 , 5 ,6 , 1 0 . 8 ,
7 . 6 ,  6 . 9 ,  3-2.4, 2 . 4 ,
1 0 . 0 ,  1 . 2 ,  1 . 2 ,  5 . 5 .  
A-verage 5 . 5
1 3 . 1 ,  1 8 . 1 ,  6 . 1 ,  1 3 . 3 ,
1 3 . 3 ,  2 0 . 1 ,  1 3 . 3 ,  1 3 . 0 ,
1 6 . 2 ,  9 . 9 ,  8 . 8 ,  1 4 . 6 ,
7 . 1 ,  7.3-,  4 . 1 ,  1 5 . 4 ,
8 . 8 ,  2 3 . 2 ,  1 8 . 8 ,  1 7 . 5 ,
1 4 . 8 ,  1 4 . 5 ,  1 7 . 1 ,  1 8 . 4 .  
A v e rag e  1 3 . 6
1 9 . 0 ,  2 0 , 5 ,  2 6 . 4 ,  1 9 . 6 ,
2 4 . 5 ,  2 .8 .1 ,  2 9 . 8 ,  2 2 . 1 ,
1 4 . 3 ,  1 0 . 5 ,  1 8 . 1 ,  1 6 . 3 ,
1 7 . 2 ,  1 7 . 3 ,  1 4 . 5 ,  1 3 . 3 ,
1 4 . 8 ,  1 4 . 1 ,  1 2 . 6 ,  1 8 . 2 ,
1 2 . 9 ,  2 3 . 7 ,  1 3 . 0 ,  2 1 . 0 .  
A v erag e  1 8 .4
1 8 . 0 ,  1 2 . 8 ,  2 1 . 1 ,  2 0 . 1 ,
1 9 . 6 ,  1 9 . 9 ,  1 1 . 8 ,  1 7 . 6 ,
1 5 . 8 ,  1 2 . 7 ,  1 3 . 1 ,  1 3 . 7 ,
1 1 . 0 ,  1 7 . 5 ,  1 6 . 9 ,  1 4 . 4 ,
1 5 . 1 ,  1 2 . 5 ,  1 2 . 8 ,  1 3 . 5 ,
1 6 . 3 ,  1 8 . 3 ,  1 8 . 3 ,  1 8 . 8 .  
A v e rag e  1 5 .9
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Graph 5 4 . G eo t ro p ic  c u r v a t u r e  i n  r o o t s  t r e a t e d  wit h
- 2
10 p . p . m .  I . A . A .  p l u s  30 p . p . m .  P .M .8 
R o t a t i o n  t i m e ,  p r i o r  t o  s t i m u l a t i o n : -  0 -  3 : 0 0  h o u r s #  
S t i m u l a t i o n  t i m e : -  3 : 0 0  -  3 : 4 0  h o u r s #
Time#
3 :03 h r s  
3 :21
3 : 4 1
3 : 5 1
4 : 0 3
4 :13
4 :23
4 : 3 4
4 :45
4:55
D eg re e s  o f  c u r v a t u r e  mf  i n d i v i d u a l  r o o t s . 
C o n t r o l s  #
0
T r e a t e d  r o o t s #  
0
0 ,  0 ,  0 , 7 ,  5 , 1, 0 ,  0 ,  0 ,  2 ,
1 ,  7 . 0 ,  5 ,  0#
Aver age 2 .9 A v e rag e  1 . 0
11 ,  8 ,  i6 ,  13 ,  5 f 7 ,  3 ,  0 ,  5 ,
4 ,  1 5 . 5 ,  12 ,  0#
Averogie 8 . 9 A v erag e  4 . 4
13 ,  1 4 , 10 ,  17 , 7 , 6 ,  8 ,  13 ,  7 ,  5 ,
6 ,  19# 8 ,  13,  5#
Ave rog;e 1 4 .3 A verag e  8 . 1
18 ,  19 , 14 ,  19 , 9 , 6 ,  12 ,  17 ,  7 ,  7 ,
7 ,  2 4 . 12 ,  15 ,  8#
A v erag e 15 .7 A verage  1 0 .5
2 4 ,  2 1 , 16 ,  20 , 10 , 10 ,  13 ,  2 0 ,  7 ,  9 ,
11 ,  2 6 . 13 ,  18 ,  7 .
Aver age 1 8 .3 A v erag e  12 #1
2 4 ,  2 4 , 18 ,  24 , 13, 18 ,  19 ,  22 ,  7 ,  10
11 ,  3 0 . 16 ,  18 ,  7 .
A v e ra g e 2 0 . 6 A v e rag e  1 4 .5
2 6 ,  26 , 18 ,  25 , 14, 2 0 ,  17 ,  24 ,  11,  1:
16 ,  3 3 . 18 ,  18,  10#
A v erag e 2 2 .6 A verag e  16# 2
2 8 ,  2 8 , 20 ,  25 , 18 , 17 ,  19,  2 3 ,  11 ,  1:
17 ,  33# 18 ,  18 ,  10#
A v erag e 2 4 . 1 A v erag e  16 #1
26 ,  2 7 , 19 ,  2 6 , 20 , 17 ,  2 1 ,  22 ,  15 ,  11
1 7 ,  33# 18 ,  2 4 ,  101
A v erag e 2 4 . 0 A verag e  17 #8
23 2
C u r v a t u r e  
30 p . p . m .  
T im e .
—2i n  r o o t s  t r e a t e d  w i th  l o "  p .p .m .  I .A .A ,  p lu s
U.M .S.P . ( c o n t i n u e d ) .
C o n t r o l s . T r e a t e d  r o o t s  .
5 :06 h r s . 2 6 ,  25 ,  2 2 ,  2 7 ,  
19 ,  3 3 .
A v e ra g e  2 4 . 3
18, 18 ,  2 1 ,  22 ,  16 ,  13 ,  
20 ,  22 ,  1 3 .
A v erag e  1 8 . 1
5 :17 2 5 ,  2 5 ,  2 2 ,  26 ,  
16 ,  33*
A v e ra g e  2 3 .7
19, 16,  19 ,  18 ,  13,  12 ,  
1 8 ,  22 ,  1 1 .
A verage  1 7 . 0
5 :27 24 ,  2 5 ,  22 ,  2 5 ,  
15 ,  2 8 .
A v erag e  2 2 .4
18, 14,  14 ,  17 ,  11, 12,  
17 ,  19,  10 .
A v erag e  1 4 .2
5 :38 20 ,  2 8 ,  21 ,  23 ,  
13 ,  2 7 .
A v e rag e  2 1 . 1
16, 14 ,  9 ,  13,  14,  11 ,  
16 ,  18, 9 .
A verage  1 3 . 0
5 :49 17, 2 7 ,  2 1 ,  20 ,  
10 ,  2 7 .
A v erag e  1 9 .7
16, 11 ,  9 ,  13 ,  15, 10, 
16,  16,  8 .
A v e rag e  1 2 .2
5 :5 9 14, 26 ,  17 ,  17 ,  
9 ,  2 6 .
A v e rag e  1 8 .0
15, 7 ,  7 ,  13 ,  16 ,  8 ,  
12,  13,  8 .  
A verage  1 0 .5
6 :26 10 ,  26 ,  17 ,  9 ,  14 ,  
7 ,  2 2 .
A v e ra g e  1 5 . 0
3,  2 ,  13 ,  14 ,  8 ,
9 ,  11 ,  5 .
A v erag e  8 . 1
6 :58 9 ,  26 ,  17,  0 ,  11 
7 ,  2 0 .
A v e rag e  1 3 . 0
9 - 1 ,  - 5 ,  13 ,  10,  6 ,  
6 ,  5 ,  4 .
A v e rag e  5 . 0
7 :34 0 ,  18,  19 ,  - 7 ,  7 
8 ,  2 0 .
A v erag e  9 . 3
, - 1 1 ,  - 1 0 ,  13, 7 ,  7 ,  
< ( ■ , 5 , 5 .
Averag;e 2 . 2
8 :0 6 0 ,  16 ,  19 ,  0 ,  7 ,  
8 ,  1 5 .
A v erag e  S13
- 1 7 ,  - 1 0 ,  13 ,  6 ,  4 ,  
0 ,  5 ,  5 .
A v erag e  0 . 8
8 : 3 $ 0 ,  8 ,  17, 0 ,  7 ,  
8 ,  12 .
A v erag e  7 . 4
-2 1 ,  - 8 ,  13 ,  6 ,  0 ,  
0 ,  5 ,  5 .
A v e rag e  0
233
Graphs 31. 52. 32a. 55 ,  56, 56a .
—2
Growth r a t e s  of  r o o t s  t r e a t e d  v r i th  10 p . p . m .  I . A . A . ,
_2
10 p . p . m . I . A . A .  p l u s  30 p . p . m .  Ef.M.S .P .  and c o n t r o l s .  
G rowth  r a t e s  e x p r e s s e d  i n  ( i / m i n u t e .
1 .  CQUIROIS OF i\L L  EiCPIBIIIBhTS.
P e r i o d .  Grovrth r a t e s  o f  UPPET':. S U E S  d u r i n g p e r i o d .
T i  4 . 6 ,  3 . 5 ,  3 0 0 ,  3 . 1 ,  5 . 1 ,  4 . 3 ,  4 . 3 ,  8 . 0 ,  3 . 9 ,
2 . 7 ,  3 . 7 ,  4 . 0 ,  2 . 4 ,  5 . 4 ,  4 . 3 ,  4 . 2 ,  5 . 9 ,  8 . 0 ,  5 . 0 ,
8 . 2 ,  7 . 7 ,  6 . 2 ,  6 . 5 ,  8 . 8 ,  6 . 3 ,  9 . 0 ,  5 . 9 ,  7 . 4 ,  6 . 8 ,
7 . 0 ,  6 . 2 ,  7 . 6 ,  8 . 5 ,  9 . 7 ,  9 . 8 ,  7 . 3 ,  6 . 9 ,  1 2 . 2 ,
9 . 8 ,  6 . 6 ,  8 . 4 ,  7 . 3 ,  7 . 2 ,  9 . 1 ,  9 . 6 ,  8 . 0 ,  8 . 0 .
A v e re g e  6 .5
To 1 1 . 0 ,  1 3 . 4 ,  5 . 4 ,  8 . 0 ,  2 . 4 ,  4 . 8 ,  1 2 . 2 ,  8 . 2 ,  1 1 . 5 ,
9 . 5 ,  1 1 . 1 ,  3 . 8 ,  7 . 2 ,  3 . 0 ,  4 . 5 ,  7 . 2 ,  1 2 . 3 ,  1 3 . 7 ,
9 . 0 ,  1 0 . 4 ,  5 . 0 ,  5 . 4 ,  7 . 5 ,  9 . 1 ,  1 1 . 5 ,  4 . 5 ,  9 . 6 ,
5 . 7 ,  9 . 9 ,  1 5 . 7 ,  8 . 8 ,  1 0 . 6 ,  1 2 . 3 ,  13.7. ,  1 4 . 4 ,  1 4 . 5 ,
1 3 . 2 ,  1 3 . 2 ,  1 3 . 2 ,  7 . 7 ,  6 . 7 ,  9 . 1 ,  1 4 . 3 ,  1 4 . 3 ,  9 . 2 ,
1 6 . 7 ,  1 1 . 7 ,  1 1 . 6 .
Average  9 .7
Tj 4 . 1 ,  7 . 7 ,  1 0 . 2 ,  3 . 3 ,  2 . 9 ,  9 . 6 ,  4 . 8 ,  6 . 1 ,  2 . 9 ,  4 . 1 ,
6 . 9 ,  2 . 7 ,  1 1 . 9 ,  6 . 1 ,  5 . 8 ,  5 . 8 ,  2 . 9 ,  8 . 1 ,  7 . 5 ,  5 . 7 ,
8 . 1 ,  7 . 9 ,  6 . 8 ,  6 . 7 ,  8 . 9 ,  7 . 6 ,  4 . 7 ,  4 . 6 ,  7 . 3 ,  4 . 3 ,
8 . 7 ,  4 . 4 ,  3 . 8 ,  6 . 4 ,  3 . 3 ,  5 . 9 ,  7 . 2 ,  7 . 2 ,  8 . 1 ,  1 2 . 9 ,
7 . 7 ,  5 . 7 ,  5 . 8 ,  3 . 8 ,  9 . 3 ,  6 . 2 ,  1 0 . 0 ,  6 . 9 .
A v erag e  6 . 4
T 4 . 1 ,  - 2 . 3 ,  5 . 1 ,  6 . 5 ,  2 . 3 ,  5 . 9 ,  1 1 . 3 ,  4 . 7 ,  4 . 5 ,  4 . 5 ,
5 . 3 ,  5 . 1 ,  6 . 6 ,  7 . 3 ,  4 . 1 ,  5 . 2 ,  8 . 0 ,  8 . 0 ,  6 . 5 ,  1 . 5 ,
5 . 9 ,  3 . 5 ,  5 . 3 ,  5 . 5 ,  7 . 1 ,  6 . 2 ,  8 . 0 ,  7 . 5 ,  9 . 6 ,  8 . 7 ,
7 . 9 ,  9 . 6 ,  5 . 1 ,  8 . 3 ,  1 1 . 0 ,  7 . 5 ,  6 . 4 ,  7 . 5 ,  7 . 4 ,  8 . 4 ,
9 . 9 ,  1 2 . 0 ,  1 . 3 ,  5 . 0 ,  1 1 . 3 ,  9 . 2 ,  1 0 . 7 ,  8 . 5 ,
A v erag e  6 . 6
Tg 1 . 2 ,  5 . 1 ,  1 0 . 2 ,  7 . 1 ,  4 . 0 ,  0 . 3 ,  1 . 6 ,  4 . 2 ,  6 . 8 ,  8 . 1 ,
2 . 5 ,  8 . 2 ,  Ô. 0 ,  7 . 1 ,  6 . 0 ,  6 . 1 ,  1 7 . 3 ,  8 . 2 ,  6 . 9 ,  4 . 4 ,
8 . 2 ,  8 . 8 ,  4 . 0 ,  8 . 3 ,  8 . 8 ,  1 0 . 4 ,  7 . 3 ,  3 . 8 ,  9 . 9 ,  1 5 . 0 ,
7 . 5 ,  7 . 7 ,  1 1 . 7 ,  9 . 6 ,  1 2 . 9 ,  7 . 0 ,  7 . 4 ,  1 0 . 4 ,  6 . 6 ,
9 . 4 ,  1 3 . 4 ,  1 5 . 2 ,  5 . 3 ,  2 1 . 3 ,  1 7 . 8 ,  1 1 . 5 ,  1 5 . 2 ,  1 4 . 2 .  
Average  8 .5
234
C o n t ro l s  of  a l l  exper im en ts  ( c o n t i n u e d ) .
P e r i o d .  Growtli r a t e s  o f  UPPER SIDES d u r i n g  p e r i o d .
T .  3 . 4 ,  6 . 7 ,  6 . 4 ,  8 . 1 ,  7 . 1 ,  8 . 4 ,  8 . 1 ,  6 . 9 ,  1 0 . 6 ,  5 . 6 ,
8 . 1 ,  5 . 6 ,  9 . 9 ,  3 . 4 ,  6 . 3 ,  7 . 1 ,  1 6 . 9 ,  8 . 5 ,  2 0 . 4 ,
1 8 . 7 ,  1 4 . 5 ,  1 8 . 3 ,  1 5 . 3 ,  1 6 . 1 ,  1 4 . 3 ,  8 . 1 ,  8 . 7 ,  1 3 . 8 ,
1 1 . 7 ,  7 . 0 ,  1 0 . 0 ,  1 1 . 2 ,  1 0 . 4 ,  1 3 . 2 ,  2 1 . 1 ,  1 0 . 6 ,
1 5 . 0 ,  1 1 . 0 ,  1 2 . 9 ,  8 . 1 ,  1 4 . 7 ,  8 . 0 ,  1 4 . 1 ,  5 . 5 ,  1 0 . 4 ,
9 . 4 ,  1 3 . 7 ,  1 0 . 8 .
A v e ra g e  10 .7
P e r i o d .  Growth. r a t e s  o f  lOVER SIDES d u r i n g  p e r i o d .
T.
2
5 . 8 ,  2 . 8 ,  2 . 9 ,  3 . 4 ,  4 . 6 ,  2 . 3 ,  3 . 6 ,  3 . 6 ,  8 . 0 ,  5 . 1 ,
4 . 3 ,  3 . 9 ,  5 . 8 ,  3 . 1 ,  3 . 1 ,  4 . 8 ,  3 . 9 ,  7 . 2 ,  8 . 3 ,  4 . 4 ,
7 . 5 ,  7 . 4 ,  5 . 7 ,  6 . 3 ,  8 . 4 ,  6 . 3 ,  8 . 0 ,  5 . 2 ,  6 . 0 ,  6 . 6 ,
7 . 6 ,  5 . 4 ,  9 . 3 ,  8 . 7 ,  9 . 6 ,  1 0 . 7 ,  8 . 4 ,  7 . 5 ,  1 1 . 2 ,
8 . 9 ,  5 . 4 ,  8 . 5 ,  8 . 1 ,  9 . 1 ,  9 . 6 ,  1 1 . 3 ,  8 . 7 ,  8 . 6 .
A v e ra g e  6 . 6
4 . 4 ,  8 . 2 ,  3 . 0 ,  0 . 6 ,  0 . 8 ,  3 . 0 ,  4 . 8 ,  3 . 5 ,  8 . 4 ,  4 . 4 ,
4 . 6 ,  2 . 1 ,  6 . 6 ,  1 1 . 7 ,  3 . 6 ,  5 . 9 ,  8 . 7 ,  8 . 3 ,  2 . 7 ,
0 . 6 ,  7 . 3 ,  2 . 3 ,  4 . 6 ,  4 . 9 ,  9 . 7 ,  3 . 2 ,  6 . 9 ,  3 . 2 ,  4 . 6 ,
9 . 2 ,  5 . 7 ,  8 . 2 ,  5 . 4 ,  9 . 4 ,  3 . 8 ,  1 1 . 3 ,  9 . 9 ,  5 . 7 ,
1 1 . 2 ,  2 . 3 ,  6 . 5 ,  4 . 1 ,  9 . 6 ,  7 . 9 ,  8 . 3 ,  7 . 9 ,  7 . 4 ,  7 . 4 .  
A v e ra g e  5 . 9
- 2 . 1 ,  3 . 5 ,  2 . 7 ,  - 3 . 3 ,  - 0 . 2 ,  - 0 . 8 ,  - 1 . 7 ,  - 0 . 3 , - 3 . 1 ,  
- 3 . 6 ,  2 . 2 ,  4 . 4 ,  - 3 . 0 ,  6 . 4 ,  1 . 7 ,  0 . 7 ,  - 3 . 0 ,  3 . 2 ,
2 . 7 ,  4 . 0 ,  2 . 4 ,  3 . 1 ,  1 . 9 ,  2 . 1 ,  2 . 4 ,  1 . 0 ,  2 . 1 ,  5 . 0 ,  
- 0 . 9 ,  1 . 9 ,  2 . 3 ,  2 . 3 ,  2 . 6 ,  1 . 9 ,  1 . 1 ,  - 0 . 6 ,  - 1 . 8 ,
4 . 6 ,  3 . 0 ,  2 . 9 ,  6 . 5 ,  2 . 2 ,  - 0 . 6 ,  - 2 . 8 ,  4 . 4 ,  3 . 1 ,
4 . 2 ,  2 . 4 .
A v e ra g e  1 .5
5 . 3 ,  2 . 3 ,  8 . 7 ,  6 . 6 ,  5 . 0 ,  8 . 7 ,  1 0 . 3 ,  6 . 7 ,  6 . 6 ,  6 . 7 ,
5 . 9 ,  5 . 6 ,  5 . 0 ,  9 . 7 ,  7 . 9 ,  6 . 9 ,  1 1 . 6 ,  8 . 3 ,  8 . 1 ,  2 . 7 ,
5 . 9 ,  4 . 6 ,  6 . 5 ,  6 . 8 ,  1 3 . 3 ,  9 . 8 ,  1 2 . 9 ,  7 . 5 ,  9 . 1 ,
1 1 . 0 ,  1 0 . 3 ,  1 0 . 5 ,  8 . 8 ,  1 0 . 5 ,  1 3 . 0 ,  1 0 . 7 ,  6 . 9 ,  1 0 . 0 ,




C o n t r o l s  o f  a l l  e x p e r i m e n t s  ( c o n t i n u e d ) ) .
P e r i o d . Growth, r a t e s  of  LQ\CER SIDES d u r i n g  p e r i o d .
Tp- 5 . 3 ,  5 . 3 ,  1 8 . 5 ,  7 . 2 ,  1 . 9 ,  9 . 5 ,  6 . 2 ,  6 . 9 ,  1 0 . 4 ,
1 0 . 4 ,  5 . 2 ,  7 . 4 ,  7 . 5 ,  1 0 . 0 ,  9 . 7 ,  8 . 1 ,  6 . 8 ,  9 . 6 ,
1 5 . 3 ,  9 . 4 ,  9 . 1 ,  8 . 2 ,  1 6 . 9 ,  9 . 7 ,  9 . 5 ,  1 1 . 2 ,  8 . 5 ,
8 . 0 ,  7 . 4 ,  1 6 . 2 ,  7 . 0 ,  1 1 . 8 ,  1 4 . 2 ,  1 2 . 3 ,  9 . 1 ,  1 9 . 3 ,
1 9 . 4 ,  1 0 . 8 ,  l o . B ,  1 1 . 4 ,  1 6 . 0 ,  1 4 . 8 ,  9 . 9 ,  1 0 . 2 ,
1 7 . 7 ,  1 5 . 3 ,  1 7 . 7 ,  1 4 . 6 ,
Average  10.7
Tf. 6 . 5 ,  1 4 . 7 ,  1 0 . 0 ,  1 1 . 8 ,  1 0 . 1 ,  9 . 9 ,  1 1 . 9 ,  1 0 . 7 ,  1 0 . 6 ,
1 0 . 0 ,  1 0 . 5 ,  9 . 1 ,  1 1 . 0 ,  9 . 9 ,  9 . 6 ,  1 0 . 1 ,  2 0 . 5 ,  2 6 , 0 ,
1 7 . 1 ,  1 4 . 9 ,  1 3 . 7 ,  1 5 . 9 ,  1 5 . 2 ,  1 7 . 6 ,  1 1 . 7 ,  1 1 . 7 ,
1 4 . 0 ,  1 0 . 2 ,  2 2 . 6 ,  1 2 . 1 ,  1 2 . 6 ,  1 2 , 2 ,  1 1 . 3 ,  1 1 . 5 ,
1 8 . 2 ,  1 2 . 5 ,  1 7 . 1 ,  1 1 . 0 ,  1 9 . 0 ,  1 1 . 0 ,  1 8 . 8 ,  1 5 . 3 ,
2 1 . 6 ,  1 0 . 8 ,  9 . 6 ,  1 6 . 8 ,  1 4 . 9 .
A verage 1 5 . 4  _
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2 .  R o o t s  t r e a t e d  w i t h  10 p . p . m .  I . A . A . ( Graphs  3 1 , 3 2 ,  32A.
55 and  5 6 a )






1 . 0 ,  1 . 4 ,  1 . 1 ,  2 . 8 ,  . 
3 . 2 ,  2 . 0 ,  2 . 7 ,  2 . 0 ,
2 . 5 ,  1 . 9 ,  0 . 7 ,  0 . 8 ,  
- 1 . 0 ,  0 . 7 ,  1 . 0 ,  1 . 2 ,
3 . 1 ,  2 . 5 ,  2 . 9 ,  0 . 4 ,
2 . 9 ,  2 . 6 ,  1 . 3 ,  2 . 2 .  
A v e rag e  1 . 8
2 . 6 ,  4 . 8 ,  1 3 . 0 ,  0 . 1 ,  
- 0 . 1 ,  4 . 0 ,  3 . 8 ,  4 . 0 ,
3 . 9 ,  3 . 1 ,  ) . 5 ,  3 . 1 ,
3 . 6 ,  4 . 1 ,  5 . 9 ,  3 . 5 ,
8 . 7 ,  3 . 0 , 4 . 9 ,  6 . 7 ,
6 . 5 ,  6 . 0 ,  6 . 0 ,  6 . 0 .  
A v e rag e  4 , 5
5 . 2 ,  0 . 1 ,  1 . 9 ,  4 . 2 ,
0 . 1 ,  —2 . 5 ,  - 0 . 2 ,  2 . 5 ,  
1 . 0, 1 . 2 , -2 . 2 , —1 .0 , 
- 2 . 2 ,  —0 . 1 ,  - 0 . 2 ,  —2 . 5 ,
1 . 9 ,  5 . 3 ,  2 . 9 ,  0 . 3 ,
3 . 5 ,  4 . 8 ,  o ,  2 . 7 .  
A v e ra g e  1 . 1
5 . 1 ,  1 . 6 ,  3 . 8 ,  4 . 9 ,  4 , "
4 . 1 ,  4 . 9 ,  5 . 0 ,  4 . 2 ,
3 . 4 ,  4 . 0 ,  1 0 . 2 ,  - 0 . 2 ,
4 . 7 ,  4 . 9 ,  1 . 5 ,  4 . 1 ,
4 . 8 ,  1 . 9 ,  1 . 8 ,  2 . 3 ,
4 . 8 ,  3 . 0 ,  3 . 5 ,  3 . 1 .  
A v e rag e  3 . 8
0 . 3 ,  3 . 9 ,  3 . 3 ,  2 . 1 ,
O, 0 . 7 ,  - 3 . 0 ,  1 . 0 ,
1 . 3 ,  2 . 1 ,  0 . 8 ,  1 . 9 ,
2 . 9 ,  0 . 8 ,  2 . 1 ,  7 . 1 ,
3 . 6 ,  4 . 3 ,  6 . 4 ,  2 . 5 ,
2 . 7 ,  5 . 7 ,  5 . 3 ,  4 . 4 .  
A v e ra g e  2 , 6
1 . 2 ,  3 . 4 ,  6 . 9 ,  5 . 2 ,
3 . 3 ,  0 .4 , 4 . 5 ,  3 . 3 ,
1 . 2 ,  0 . 9 ,  1 . 0 ,  0 . 9 ,
0 . 6 ,  1 . 5 ,  3 . 5 ,  2 . 0 ,
6 . 2 ,  8 . 1 ,  5 . 9 ,  5 . 0 ,
8 . 8 ,  5 . 0 ,  6 . 5 ,  6 . 4 .  
A v e rag e  4 . 1
1.0W5R SIDES.
1 . 0 ,  1 . 7 ,  1 . 5 ,  2 . 0 ,
P . 6 ,  P .O , 3 .2 ^ 2 . 0 ,
1 . 5 ,  1 . 2 , 1 . 0 , 1 . 4 ,
2 . 0 ,  0 . 9 , 1 . 0 . - 0 . 8 ,
3 . 6 ,  2 . 6 , 3 . 2 , 0 . 3 ,
1 . 0 ,  c- • 4 , 1 . 1 , 2 . 1 .
A v erag e  1
2 . 5 ,  4 . 0 , 2 . 6 , 3 . 2 ,
3 . 5 ,  2 . 9 , 3 . 6 , 2 . 9 ,
2 . 1 ,  3 . 4 , 3 . 0 , - 0 . 2 ,
2 . 6 ,  - 0 . 3 , - 0 . 5 ,  1 . 5 ,
5 . 4 ,  3 . 1 , 3 . 9 , 3 . 9 ,
2 . 5 ,  ê:ë4, 3 . 1 , 3 , 7 .
A v e rag e  2 .8
3 . 1 ,  - 2 . 9 , - 2 . 3 ,  0 ,
2 . 3 ,  - 2 . 3 , - 0 . 7 ,  - 2 . 5 ,
—0 . 5 ,  —0 . 4 ,  -0 . 2 ,  - 1 . 0 ,
0 ,  - 3 . 8 , - 0 . 7 , 1 . 0 ,
2 . 9 ,  4 . 8 , 1 . 1 , 0 . 5 ,
1 * 1 ,y 0 . 5 , 1 . 3 , 1 . 7 ,
A v e rag e  0 .1
1 . 8 ,  1 . 2 , 5 . 5 , 2 . 9 ,
0 . 3 ,  2 . 7 , 2 . 9 , 4 . 6 ,
3 . 3 ,  3 . 2 , 2 . 3 , 1 . 4 ,
1 . 7 ,  2 . 4 , 2 . 5 , 2 . 4 ,
5 . 5 ,  4 . 3 , 8 . 1 , 5 . 1 ,
4 . 6 ,  6 . 6 , 3 . 6 , 5 . 6 .
A v erag e  3 #5
7 . 0 ,  8 . 4 , 0 . 4 , 3 . 7 ,
0 . 2 ,  0 . 2 , 0 . 3 , 2 . 9 ,
0 . 8 ,  2 . 7 , 0 . 9 , 1 . 9 ,
5 . 6 ,  1 . 3 , 3 . 7 , 1 . 7 ,
4 . 3 ,  5 . 5 , 3 . 0 , 7 . 6 ,
3 . 8 ,  4 . 3 , 4 . 0 , 4 . 6 .
Aver age 3 .3
3 . 7 ,  4 . 6 , 7 . 7 , 3 . 5 ,
3 . 1 ,  4 . 7 , 4 . 0 , 4 . 5 ,
2 . 9 ,  1 . 9 , 3 . 8 , 2 . 7 ,
2 . 2 ,  2 . 7 , 5 . 3 , 3 . 1 ,
7 . 9 ,  8 . 8 , 7 . 7 , 4 . 6 ,
9 . 2 ,  7 . 7 , 7 . 7 , 7 .7 .
A v e rag e  5 .1
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3 .  3.Ü p . p . m .  I . A . A .  p l u s  30 p . p . m .  F .M .3  . P . ( G r a p h s  5 5 ,
56 and  5 6 a )
P e r i o d .  Growth r a t e s  of  i n d i v i d ^ j a l  r o o t s ( u / m i n u t e )





8 . 2 ,  5 . 0 ,  3 . 9 ,  2 . 0 ,
3 . 7 ,  4 . 0 ,  5 . 0 ,  5 . 3 ,
3 . 4 ,  4 . 4 ,  4 . 3 ,  3 . 5 ,
2 . 6 ,  2 . 9 ,  5 . 1 ,  3 . 7 ,
5 . 4 ,  6 . 4 ,  4 . 3 ,  4 . 7 ,
4 . 6 ,  4 . 5 ,  6 . 0 ,  5 . 1 .  
Aver Elf: e 4 . 5
9 . 2 ,  1 5 . 5 ,  2 . 3 ,  5 . 0 ,
6 . 7 ,  7 . 5 ,  7 . 9 ,  8 . 4 ,
8 . 9 ,  1 0 . 5 ,  5 . 5 ,  8 . 0 ,
1 0 . 3 ,  8 . 8 ,  1 2 . 2 ,  9 . 2 ,
1 3 . 7 ,  1 0 . 8 ,  1 0 . 3 ,  1 2 . 4 ,
8 . 5 ,  1 3 . 0 ,  1 0 . 8 ,  1 1 . 4 .  
A v e ra g e  9 . 5
9 . 0 ,  1 4 . 4 ,  9 . 9 ,  7 . 7 ,
8 . 1 ,  8 . 0 ,  6 . 8 ,  8 . 4 ,
5 . 4 ,  9 . 4 ,  6 . 6 ,  8 . 1 ,
3 . 7 ,  9 . 0 ,  9 . 7 ,  7 . 4 ,
5 . 9 ,  9 . 3 ,  7 . 8 ,  0 . 2 ,
1 1 . 0 ,  9 . 9 ,  7 . 8 ,  6 . 4 .  
A v e rag e  8 . 0
9 . 3 ,  7 . 1 ,  3 . 9 ,  1 1 . 5 ,
1 3 . 5 ,  8 . 1 ,  1 1 . 9 ,  9 . 3 ,
6 . 0 ,  4 . 4 ,  1 0 . 9 ,  6 . 5 ,
8 . 7 ,  8 . 4 ,  9 . 6 ,  7 . 8 ,
1 3 . 1 ,  6 . 6 ,  8 . 2 ,  1 0 . 8 ,
9 . 5 ,  4 . 7 ,  7 . 4 ,  9 . 0 .  
A v e rag e  8 . 6
1 1 . 0 ,  1 2 . 9 ,  1 1 . 0 ,  1 5 . 1 ,
8 . 5 ,  1 5 . 6 ,  1 3 . 1 ,  8 . 1 ,
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Introduction
In the last decade or so a vast new field has opened up in the study of the 
biochemistry of growth as the result of discoveries of the m arked antago­
nisms that can arise in some cell systems between metabolites and their 
related structural homologues. The antagonisms between the sulphonamides 
and para-aminobenzoic acid and also between the vitamins and the vitamers 
are now the classic examples of this phenomenon. Physiologists interested 
in the mechanism of action of the auxins have also exploited this line of 
attack with promising success in some cases. Compounds which have been 
claimed to » antagonise» auxin action in one or more of its aspects are
2,4-dichloranisole (Bonner, 8), coumarin (Veldstra and Havinga, 23), certain 
isobutyric acid homologues of auxins (Burstrdm, 13), 2,3,5-tri-iodobenzoic 
acid (Galston, 16), a-(2-naphthylmethylsulphide)-propionic acid (Aberg, 1), 
laevo-(%- (2-naphthoxy) propionic acid (Aberg, 2; Wain, 24), maleic hydrazide 
(Leopold and Klein, 17) and trans-cinnamic acid (Overbeek et al., 22).
Some of these compounds (i.e. 2,4-dichloranisole, tri-iodobenzoic acid), 
having been accepted, in the view of the authors ra ther uncritically, as 
established » anti-auxins», are being used as tools to investigate some of 
the problems of auxin physiology. For example, the augmentation of flower 
production in Xanthium by application of 2,4-dichloranisole (DCA) (Bonner, 
8; Bonner and Thurlow, 10), in barley by coumarin (Leopold and Thimann, 
18), and in tomatoes by tri-iodobenzoic acid (Galston, 16) is now regarded 
as strong evidence that flowering is correlated with a low level of effective
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auxin in the plant, having in these cases heen induced hy the antagonistic 
action of the applied » anti-auxin». But before such far-reaching conclusions 
are drawn, we should make quite certain that a true auxin antagonism 
can he unequivocally established from observations on growth (preferably 
extension growth) of single plant organs or homogeneous growing tissue 
excised from them. Experiments along these lines were started by the senior 
author (L.J.A.) in 1948 on the growth of radicles of cress seedlings and
2,4-dichloranisole (subsequently to be called DCA) was one of the compounds 
investigated in preliminary tests involving inhibition of growth by a num ber 
of auxins (principally 2,4-dichlorophenoxyacetic acid, 2,4-D). In none of 
these preliminary tests could any antagonism be detected. Then in 1949 
Bonner (8) published his paper claiming this compound as an auxin antago­
nist. A critical survey of his data, however, showed (see next section) that 
other conclusions could quite logically he drawn from them and demonstrated 
the clear need for further study of DCA-auxin interactions in growth. The 
early preliminary experiments on DCA have therefore now been repeated 
and further data acquired from more elaborate experiments with excised 
pea root sections.
The O riginal Experim ents with Avena C oleoptile Sections,
(Bonner, 1949)
The original experiment of Bonner was a factoral experiment in which 
Avena coleoptile sections were grown in 2 per cent sucrose solutions at 25° C 
in different concentrations of ^-indolylacetic acid (lAA) and DCA, both alone 
and in all possible combinations. The concentrations used were lAA at 0,
0.01, .1, 1 and 10 mg/1 and DCA at 0, 2.5, 5 and 10 mg/1. Total extension 
was measured after 24 hours. From the results (Table 11 of his paper) he 
claims that analysis (by the methods of Lineweaver and Burke, 19, for 
competitive inhibition in enzyme systems in vitro) shows that » while DCA 
may act as a competitor of lAA at low lAA concentrations (0.01— 1 mg/1) this 
is not true at high concentrations (1— 10 mg/1) ». It is however dangerous to 
apply to such a variable system as a coleoptile section and to such a complex 
process as growth the exact methods applicable to the analysis of simple 
chemical systems. In this present problem a statistical treatment by the 
methods of the analysis of variance is preferable. If, as would seem 
likely from superficial scrutiny of the results, the inhibition of growth due 
to DCA was exerted quite independently of the stimulation due to lAA, then 
the interaction variance of the two treatments should not exceed signi­
ficantly the residual variance due to experimental errors. Such an analysis
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Table 1. DCA and lA A  interac t ions  in Auena coleopt i le  g r o w th  (logio convers ion) .
(Data o f  Bonner, 8).
 ^ Source o f  Variance S u m  o f  Squares Degrees o f  Freedom Mean Square  |
1 1A A treatments ......................
1
2.8854 4 .721 !
' DCA » ...................... .0749 ! 3 .025 '
j Interaction (lAA % DCA) ... .0:116 12 .00263 1
of variance has been done, after converting the observed measurements to 
logaritlnns (log^g). Tliis was deemed advisable since the responses are 
obviously logarithmic and by such a conversion the variance distribution is 
kept as norm al as possible. The results of this analysis are seen in Table 1.
Unfortunately, owing to the absence of any replication in this experiment, 
there is no independent source of residual variance within the experiment 
itself against which to test this interaction. However, in other experiments 
quoted in the same paper, such replication has been carried out and yields 
an appropriate estimate. From  his Table 1, ten comparable samples of sec­
tions grown on 1 mg/1 lAA and 10 mg/1 sucrose gave a variance estimate 
(after log^o conversion) of .00031. From  his Table 2, seven samples taken on 
different occasions in different experiments give a variance estimate of .002, 
illustrating the very m uch greater »between-experiment» variance recently 
confirmed by Bentley (7). Using the first of these estimates, which is p re ­
sumably a true estimate of »within-experiment» variance, we find a ratio 
of the DCAXIAA interaction variance to this estimated residual variance 
of 8.5 which gives a P just above 0.1 per cent. There is thus no doubt that 
DCA inhibition does depend on the lAA concentration. The point that now 
has to be discovered is how this interaction variance is distributed between 
treatments. This can best be found by calculating expected values of growth 
for each treatment, assuming no interaction, and then determining the 
deviations of observation from these calculated values.^
Such values have been calculated and  are plotted in Figure 1 together 
with the observed values. A further check on the significance of these devia­
tions is possible by calculating (Xobs~Xcaic)  ^ where Xobs represents the ob­
served growth and Xcaic, the calculated value, since this is a measure of the
1 Expected growth for any treatment can be calculated from  the formula:
Expected growth =  antilog. (Xj-f-Xj^ —X)
where Xj =  the m ean log^^ growth in the relevant lAA concentration both with and w ith ­
out DCA).
Xj  ^=  mean log^g growth in the relevant DCA concentration (both with and without  
lAA).
X =  grand mean log^^ growth (all observations).
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Figure 1. Three-d imens ional  d iagram  
sh owi ng  the g r o w th  effects  and  in ter ­
act ions of  ^-indolglacet ic  acid  (lAA) 
and 2,4-dichloranisole  (DCA) on Avena  
coleopt i le  sect ions  (from the data of 
Bonner, 1949).
Closed circles: Observed growth rates. 
Open circles: Calculated growth rates 





interaction sum of squares. Tliis calculation yields a value of 85.02, which, 
with 12 degrees of freedom, gives an interaction variance estimate of 7.085. 
The residual variance of means calculated from his Table 1 is 0.732 giving a 
variance ratio of 9.7 which is again highly significant. Inspection of the figure 
will show however that most of this variance is due to the three deviations 
m arked X, Y and Z; indeed calculations show that they account for nearly 
88 per cent of it, the remaining deviations coming well within the experi­
mental error. An interaction of this sort could be completely explained if the 
inhibitions due to DCA were greater in the higher concentrations of lAA 
than would have been expected if the DCA and lAA effects were completely 
independent. This is the reverse of what Bonner himself claimed from his 
results.
M ethods
The objection to the use of such material as Avena coleoptile sections for 
demonstrating anti-auxin action is that one is measuring the blocking of a 
process for which added auxin is very largely a necessity and, unless care is 
exercised in interpreting results, the inhibition of this growth may be taken 
without further evidence as synonymous with the blocking of the promoting 
action of auxin. For such a blocking to be proved it has to be shown that 
the growth inhibition, relative to that in the absence of auxin or in low 
concentrations of it, is progressively relieved as the auxin concentration is 
increased, demonstrating thereby a definite competition for growth centres. 
Such a demonstration has recently been made by Leopold and Klein (17)
28
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Figure 2, M eth od of gr owi ng  excised seg­
me nt s  f r o m  the extens ion zone  of  pea  root s  
on 0.5 ®/o sucrose  so lu t ions under condi t ions  
of m a x i m u m  aerat ion.  (For further exp lan a­
tion see tex t) .
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in the action of maleic hydrazide in the Pea test and by van Overbeek et 
al. (22) for trans-cinnamic acid. A m uch more satisfactory metliod of 
demonstrating »anti-aiixin» action is its relief of the aiixin inhibition of root 
growth. If a molecule, which by itself at certain concentrations has no action 
on the growth of roots, can remove, at least partially, the growth inhibition 
by auxins, then there can be no doubt that a direct antagonism exists between 
them. The site and nature of this antagonism is, however, another matter. 
Such antagonisms have recently been firmly established for the compound 
2-naphthyl-methyl-sulphide propionic acid (NMSP) and (— ) a  (2-naphthoxy)- 
propionic acid by Aberg (1 and 2). In the following experiments a similar 
technique with roots has been employed to investigate the possible an ti­
auxin action of DCA.
Two types of experiment have been carried out. The first type, being an elabora­
tion of the original preliminary experiments, have been based on the overall growth 
in length of seedling radicles of cress (Lepidium sativum)  growing in dilute culture 
medium for four days after germination. The technique has been fully described 
in a previous publication (Audus, 5) and will not be dealt with in detail here. The 
growth measurements recorded represent the average length of radicles of samples 
of 20 seedlings measured after 5 days, and therefore correspond to the overall growth 
of normal attached roots.
The second type of experiment has used a modification of the technique of Brown 
(Brown and Sutcliffe, 11) in which 2 mm. sections excised from the extending zone 
of primary roots of pea (Pisum sativum)  have been grown on 0.5 per cent sucrose 
solution. The extension zone of pea radicles is situated from .2 to .4 cm. behind the 
tip and excision is carried out from 3-day old pea seedlings by means of a special 
guillotine. Ten such sections constitute a sample and immediately after excision they 
are surface dried with filter paper and then weighed rapidly to the nearest 0.1 mg. on 
a suitable micro-torsion balance. They are then placed in petri-dishes and supported 
on filter paper bridges over the sucrose solution, to which the auxins, anti-auxins or 
their mixtures are added. The ends of the filter paper bridge dip into the solution and 
serve as a wick for its supply to the sections. The arrangement used is shown in 
Figure 2. In this way maximum aeration of the sections is ensured, since such sec-
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Figure 3. Typica l  g r o w th  curves  for  excised  
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tions are extremely sensitive to this factor and their growth can be considerably 
inhibited by flooding them with liquid. They are then covered with a lid, placed in 
darkness in a 25° G incubator at a humidity of about 95 per cent and growth followed  
for 48— 60 hours. At intervals (2— 3 hours during the day), sections are removed at 
the end of a scalpel, dried rapidly on filter paper, weighed to the nearest 0.1 mg. and 
then replaced. This whole operation can be performed in just over minute causing 
a minimum disturbance in growth conditions. This gives an accurate measure of 
extension growth since there is a negligible increase in diameter of the sections and 
most of the increase in fresh weight is thus due to extension along the main axis. 
Extremely smooth growth curves are thereby obtained as can be seen in Figure 3, 
where a selection of typical curves is reproduced.
R esults. DCA Antagonism s
Cress. Total growth of radicles
1. DCA and 2,4-D inhibition
The results of an experiment in which three inhibiting concentrations of
2,4-D (i.e., .01, 0.1 and 1.0 p.p.m.) were used are reproduced graphically in
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Table 2. DCA and  2 , ï -D  interac t ions in the total  g r o w th  of  Cress radicles,
(logiQ conversion).
Source o f  Variance Su m  o f  Squares Degrees of  Freedom Mean Square P
2,4-D t r e a tm e n ts ........ 3.597 3 1.199
DCA 1.269 3 .423
Interaction ................. .092 9 .0102 15 o/o
Residual ...................... .165 32 .00516
Figure 4. The closed circles represent the individual observed sample means. 
Obviously here too the relationship between concentration and response is 
logarithmic and so an analysis of variance has been carried out, as for Bon­
ne r’s results, using a log^o conversion. The results of such an analysis are 
shown in Table 2.
The interaction/residual variance ratio is 1.977 giving a probability of 
15 per cent. Although this is scarcely acceptable as a significant interaction, 
the values of expected means, assuming no interactions, have been worked 
out as for Bonner’s results. These means appear as open circles in Figure 4. 
Here it will be seen that the small interaction is very largely due to a very high 
grawttT in the concentration mixture, .01 p.p.m. 2,4-D and 1 p.p.m. DCA, 
suggesting antagonism. To test this further, the experiment was repeated 
using concentrations of 0 and .01 p.p.m. 2,4-D and concentrations of 0, 1 
and  10 p.p.m. DCA and all combinations thereof. Replication was five fold
Figure 4. Three-d imen s iona l  d iag ram  s h o w ­
ing the interac t ions  in the g r o w t h  inhibi t ion  
of cress radicles of 2 ,A-dichlorophenoxi jacet ic  
acid  (2,4-D) a nd  2, r^-di chi or ani sole  (DCA). 
Closed circles: Observed mean growlti in 
lenglli of individual samples.
Open circles: Calculated mean growth in 
length assuming no interaction.
too i:
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Tal)le 3. DCA and 2 / i -D interact ions in the total  g r o w th  of Cress radicles.
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Source of' Variance S u m  of' Squares Degrees o f  Freedom Mean Square P
2,4-D treatments ........ 333 1 338
DCA » 3126 2 1563
Interaction ................. 278 2 139 10 0/0
Residual ...................... 1577 23 68.6
Table 4. Mean g r o w th  of f ive repl icate sam ple s  (Cress  ro ot s )  








with each treatment. The results of this experiment has been analysed in 
Table 3. No log^o conversion has been applied here since all responses were 
very small. The interaction/residual variance ratio is 2.026 giving a probability 
of about 10 per cent. The nature of this small interaction is illustrated in 
Table 4 where the mean growths of six samples relative to controls are re­
corded. In the presence of both DCA concentrations, the small inhibition due to 
.01 p.p.m. 2,4-D is not observed, and this is explainable purely in terms of 
an antagonism. A probability of 10 per cent is however uncomfortably high 
and we must regard the DCA-2,4-D antagonism indicated here as still »not 
proven».
2. DCA and 2-methyl-A-chlorophenoxyacetic acid (MCPA) inhibition
The results of experiments using three inhibiting concentrations of MCPA 
(.01, .02 and 0.1 p.p.m.) and two concentrations of DCA (1 and 10 p.p.m.) 
are shown in Figure 5. Statistical analysis of variance after a log^o con­
version of the data is given in Table 5. The interaction/residual variance
Table 5. DCA and MCPA interact ions  in the total  g r o w th  of Cress radicles,
( logio conversion).
Source o f  Variance S u m  o f  Squares Degrees o f  Freedom Mean Square P
MCPA treatm ents ... 2.9284 3 .9761
DCA .9766 2 .4883
Interaction ................. .1184 6 .0197 10— 20 0/01
Residual ...................... .5547 51 .0109 i
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Figure 5. Three -d ime ns ion al  d iagram sh ow -  
in the interact ion in the g r o w t h  inhib it ion  
of  cress radic les of 2 -methy l ,  A-chloro-  
ph eno xy ace t ic  acid  (MCPA) an d  2,4-di­
chloraniso le  (DCA).
Closed circles; Observed m ean growth in 
length of individual samples.
Open circles: Calculated m ean growth in 
length assum ing no interaction.
■100
ratio is 1.807 giving a probability between 10 and 20 per cent. The nature of 
this small interaction is seen in Figure 5 where calculated means are plotted 
as open circles. Inspection of the figure shows that in the absence of DCA, 
MCPA inhibition increases more rapidly with concentration than expectation 
whereas in the presence of 10 p.p.m. DCA it increases less rapidly. This 
indicates that this small interaction is of the nature  of an antagonism of 
MCPA inhibition hy DCA hut it is still well below the acceptable level of 
significance.
3. DCA and phenoxyacetic acid (PoXA) inhibition
Since phenoxyacetic acid (PoXA), the parent molecule of 2,4-D and MCPA, 
has a very m uch lower physiological activity than its derived compounds, 
it might he expected that any antagonistic action of DCA might show up
Table 6. DCA an d  P o X A  interac t ions  in the total  g r o w t h  of Cress radicles,
(logio conversion) .
Source o f  Variance Slim o f  Squares Degrees o f  Freedom Mean Square
1
P
PoXA treatm ents ... .2609 2 .1304
DCA .0158 2 .0079 i
Interaction .................. .0581 4 .0145 0.1 0/0
Residual ...................... .07-t 31 .00238
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Figure 6. Three-d imens ional  d iagram s h o w ­
ing the interac tions in the g r o w th  inhibi ­
t ion of cress radicles of phen oxyace t ic  
acid  (PoXA) and  2 / f -d ichloranisole  (DCA). 
Closed circles; Observed mean growth in 
length of individual samples.
Open circles: Calculated m ean growth in 





most against a weakly active molecule of this nature. Consequently experi­
ments were carried out using two slightly inhibitory concentrations of PoXA 
(30 p.p.m. and 100 p.p.m.) and two concentrations of DCA (I and 10 p.p.m.). 
The results are shown in Figure 6, where the means calculated for no in ter­
action are drawn as open circles. An analysis of variance of these results 
after log^o conversion is given in Table 6. The interaction/residual variance 
ratio is 6.09 giving a probability of 0.1 per cent. This is a highly significant 
interaction and, as can be seen from Figure 6, is due to a m arked flattening 
of the PoXA inhibition-concentration curve in the presence of 10 p.p.m. DCA. 
There is thus a small but undoubted antagonism of PoXA action by DCA.
Pea. Extension growth of excised root sections
1. DCA and 2,A-D inhibition of growth
In the first experiment two very markedly inhibiting concentrations of
2.4-D were chosen, (.01 p.p.m. and .03 p.p.m.) and these were used in com­
bination with two concentrations of DCA which are just on the inhibition 
threshold (i.e. 1 p.p.m. and 3 p.pm .). For one concentration combination 
(i.e. 3 p.p.m. DCA and .01 p.p.m. 2,4-D) this represents a ratio of » antago­
nist» to » hormone» of 300/1. The replication scheme is shown in Table 7.
For each of the samples growth curves were plotted and from each curve
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Table 7. DCA an d 2,A-D in terac tions  in the eivtension g r o w th  of  Pea  root  sect ions.  Plan of
Experiment.
N u m b e r  of sa m ple s  of 10 sections.
DCA conc. 2,4-D concentrations (p.p.m.)
(p.p.m.) 0 .01 .03
0 0 3 3
1.0 4 2 2
3.0 4 2 2
Table 8. DC/1 and 2,A-D interact ions  in the e.vtension g r o w th  of  Pea ro o t  sect ions.
Source o f  Variance S u m  o f  Squares  1Degrees o f  Freedom Mean Square P
2,4-D t r e a tm e n ts ............. 5,931 2 2,965
DCA » ............. 877 2 439
Time .....................................I 32,967 4 8,242
: Interactions:-
2,4-D X DCA * ............. 100 ! 4 25
2,4-D X Time ................. 1,259 8 157 < 1 .0 0 /0
DCA X Time - ............. 504 8 63 1
j Triple interaction * ... 952 16 59.5
Residual ...........................
L um ped Residual -j-)
5,012 95 52.76




the percentage increase in fresli weiglit for each successive ten-hour period 
from 0— 50 hours was read from the smootlied curves (as draw n in Figure 3). 
After this period growth has usually ceased.
An analysis of variance was then performed on this growth rate data. 
A complete analysis is shown in Table 8.
It will be seen that the only interaction that reaches significance level is
2,4-D effect with time, and this means that the 2,4-1) inhibition varies with 
time in a m anner independent of DCA concentration. The DCA effect is 
itself independent of time in this experiment and is an inhibition in both 
concentrations. The salient points of the growth relationships are brought 
out in Figure 7. The first graph (A) shows time changes in the growth rate 
in the three 2,4-D concentrations. It will be seen that in both .01 and .03 
p.p.m. 2,4-D the m axim um  inhibition of growth rate takes place between 
10 and 30 hours. Prior to this, inhibition is not so marked, since presumably 
the 2,4-D has not reached the maxim um  concentration at the site of its action 
in the cell (See Audus, 6). Later there is a recovery from this inhibition, 
sections even growing slightly faster than controls in .01 p.p.m. These dif-
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Figure 7. Growth effects and  interac tions of 2,4-dichlorophenoxi jace tic  acid  (2,4-D) (High 
coiicentralions) and 2,4-dichloranisole  (DCA) in excised  root  sect ions of pea.
A. Analysis of the 2,4-D X Time interaction.
B. Analysis of the 2,4-D and DCA effects.
ferences are significant to the 1 per cent level. In graph (B) the lack of 
interaction between 2,4-D and DCA in the total growth after 50 hours is 
illustrated. The parallel lines are arranged at distances apart of twice the 
standard error of the means. The two substances are behaving as if they 
were exerting purely additive inhibitory effect.
In the second experiment on 2,4-D and DCA m uch lower inhibiting
Table 9. DCA and  2,4-D interac tions  in the extens ion groudh of Pea  ro o t  sect ions.
Source o f  Variance Sl im o f  Squares Degrees o f  Freedom Mean Square P
2,4-D tr e a tm e n ts ............. 271 2 135 1 5 0 / 0
DCA » ............. 684 2 342
Tim e .................................... 49,503 5 9,900
Interactions :-
2,4-D X  HCA * ............. 82 4 21
2,4-D X  Tim e ................. 896 10 89.6
DCA X  Time * ............. 2,148 10 214.8 0.1 0/0
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DCA
Figure S. Growth  effect s and  
interac tions  of  2,4-dichloro-  
phenoxi jace tic  acid  (2,4-D) (low  
conceiitraiions) and 2,4-dichlor-  
anisole  (DCA) in exc ised root  
sec t ions  of  pea.
A. Analysis of the DCA X T im e  
interaction.
B. The 2,4-D effect.
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concentrations of 2,4-D were selected in the hope that the smaller in ­
hibitions so induced might be m uch more easily antagonised by two con­
centrations of DCA. The concentrations used were 10~^ and 10“  ^ p.p.m. of
2,4-D and .01 and 1 p.p.m. of DCA. Samples at all concentrations and com ­
binations of concentrations and controls in 0.5 per cent sucrose alone were 
replicated three times. Precisely the same procedure was adopted as for the 
preceding experiment for the measurement of growth rates, which were 
determined over 0— 60 hours. The analysis of variance is given in Table 9. 
In this experiment the only significant interaction is DCA and time, 
while the 2,4-D effect at these low concentrations is on the fringe of signi­
ficance. The nature of these relationships is shown in Figure 8. The graph 
(A) shows the nature of the DCA effect and its change with time and con­
centration. In both concentrations there is a m arked and significant stim ula­
tion of growth rate in the first three 10-hour periods but this stimulation is 
followed by a depressed growth rate. Both the effect and its change with 
time are highly significant. These results are in strong contrast to those of 
the previous experiment where 1 p.p.m. DCA produced a significant inhibi­
tion of growth at all stages. This is a further illustration of a point which is 
a consistent feature of so m uch work of this kind, namely that variation 
between batches of living m aterial taken and studied on different days is 
very high compared with the variation within batches in one experiment. It 
also stresses the caution that should be exercised in drawing conclusions 
from experiments in which this wider response has for some reason not
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been studied. Figure 8 B shows the very slight 2,4-D inhibiting effect at 
these low concentrations. Further replication of these experiments might be 
expected to establish these as significant.
2. DCA and the action of lAA
In investigating the antagonism of lAA by DCA in root section growth two 
concentrations of lAA have been used, i.e. 10~^ p.p.m. and .01 p.p.m. Tlie 
former concentration is that which is optimal for growth stimulation. It 
was felt that if such a low concentration was used with a DCA concentration 
just on the threshold of inhibition, (i.e. 1 p.p.m.) then the very high ratio 
of » antagonist» to auxin of 10  ^ should demonstrate an action if one were 
present. The second value of .01 p.p.m. lAA was chosen since this represents 
a concentration just over the threshold of inhibition. This might represent 
also a particularly sensitive concentration region for root response where 
any antagonistic action by DCA might be expected to push the response over 
into the stimulating region of lower effective auxin concentrations. A very 
wide range of DCA concentrations was chosen to ensure coverage of the 
proper threshold in view of the wide variation of response to this compound 
shown in the previously described experiment. The layout of the experiment 
is shown in Table 10.
As in the case of the DCA— 2,4-D interaction experiments, growth curves 
were plotted for the whole of the 50-hour growth period and from the 
smoothed values the growth rates over each successive 10-hour period were 
calculated. An analysis of variance was then carried out and appears in 
Table 11. Inspection of this analysis shows that the triple interaction/residual 
variance ratio is 2.136 which is highly significant. This means that the in ter­
action with which we are concerned between lAA and DCA effects is closely
Table 10. DCA and lA A interac tions in the extension grouhli  of  
Pea roo t  sect ions.  P lan o f  experiment.
N um be rs  of samples  per  treatment .
Conc. of 
DCA (p.p.m.)
Conc. of lAA (p.p.m.)
0 10—^ .01
0 6 2 4
lO-'t 3 1 2
10“ 2 3 1 2
.01 3 1 2
.1 3 1 2
1.0 3 1 2
10.0 3 1 2
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Table 11. DCA and lAA interac tions  in the extens ion g r o w th  of Pea roo t  sect ions.
Source o f  Variance Su m o f  Squares Degrees of  Freedom Mean Square P
lAA treatm ents ............. 1,440 2 720 i1
DCA . . . . . . 8,768 6 1,461
Time ..................................... 138,400 4 34,600
Interaelions:-
DCA X  lAA ...................... 541 12 45
lAA X  Time ...................... 2,683 8 335
DCA X  Tim e ...................... 2,827 24 117.7
Triple in te r a c t io n ............. 7,939 48 165.3 about 0.1 o/o
Residual ................................ 10,455 135 77.4
Table 12. DCA and lA A  in terac t ions in the ex tens ion g r o w t h  of Pea  s t em  sect ions.
Source o f  Variance Su m  o f  Squares Degrees o f  Freedom Mean Square P
Tim e per io d  0— 10 hours 1
lAA tr e a t m e n t s ................... 4,883 2 2,442 <  0.1 f/o
DCA treatments ................. 379 6 63 :
I n te r a c t io n ............................. 2,461 12 205 10- 20 o/ol'R e s i d u a l .................................. 3,394 27 125.7 1
Time pe r io d  10— 20 hours
lAA t r e a t m e n t s ................... 655 2 327.5 <  10 O/O
DCA treatments ................. 8,434 6 1,406 <0.1 0/0
I n t e r a c t io n ............................. 1,480 12 123
R e s i d u a l .................................. 3,626 27 134.3
Time  per io d  20— 30 hours
lAA tr e a t m e n t s ................... 630 2 315 1 —5 o/o
DCA treatments ................. 4,166 6 694 <  0.1 0/0
I n te r a c t io n ............................. 1,307 12 109 20 0/0
R e s i d u a l .................................. 2,028 27 75.1
Time  per iod  30— 40 hours
lAA tr e a t m e n t s ................... 639 2 319.7 1 o/o
DCA treatments ................. 917 6 153 <5  0/0
I n te r a c t io n ............................. 470 12 39
R e s i d u a l ................................. 1,832 27 67.8
Tim e per i od  40— 50 hours
lAA t r e a t m e n t s ................... 324 2 162 <  0.1 o/o
DCA treatments ................. 224 6 37 , 1—5 o/o
I n te r a c t io n ............................. 129 12 11
R e s i d u a l ................................. 394 27 14.6
dependent on the stage of tlie growth phase considered and necessitates a 
breakdown analysis with time. Tliis has been done and the results appear 
in Table 12. The main effects and interactions that come out of this analysis 
are illustrated in Figure 9, where percentage growth over each 10-hour
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Figure 9. Growth effects and  interac tions  of ^-indolylacet ic ac id  (lAA) and  2 /f -d ichlorani -
sole  (DCA) in excised root  sect ions of pea.
period is plotted against the DCA concentration for each lAA concentration. 
The significant effects are as follows:
In the first place the lower concentration of lAA brings about a large 
(about 60 per cent) increase in the growth rate in the first ten hours while 
over the same period the higher concentration has no effect. In the next 
two 10-hour periods this stimulation disappears, probably as a partial result
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of lAA breakdown in the system, but a sliglit inliibition, wliicli is just at the 
acceptable level of significance, appears in the higher concentrations. Later 
on, in the latter phases of growth, the growth rate remains at a significantly 
higher level in both concentrations. The reason for this prolongation of growth 
hy the higher concentration can be explained in terms of lAA destruction, 
which is known to go on very actively in dilute solutions, particularly when in 
contact with damaged tissues (Mes, 20, and unpublished results by the senior 
author). Such destruction might proceed until stimulatory concentrations of 
lAA (10~^ p.p.m.) are reached in the latter stages of growth. It is difficult, 
however, to explain the phenomenon in the low concentrations, where it is 
highly probable that lAA hos long since disappeared from the medium. One 
possible explanation is that the onset of maturation processes, culminating 
in the cessation of growth, have been delayed by the earlier effects of added 
auxin. Such m aturation effects have been suspected from previous work, 
although as a result of applications of much higher concentrations (Audus, 4, 
Michel, 21).
The inhibiting effect of high DCA concentrations (1 and 10 p.p.m.) is not 
visible until after the first 10-hour period and this is probably a result of 
slowness of penetration to the growth centres (cf. page 440 and Audus, 6). 
Then onwards, the effect can be observed during the whole of the sub­
sequent growth, the degree of inhibition remaining remarkably constant 
at about 70 per cent (for 10 p.p.m.) during the 10—30-hour period. The 
graph suggests that the inhibition in the last two periods may be removed 
by lAA but the statistical analysis shows that this interaction is not signi­
ficant. Note that at no time and in neither DCA concentration is any stimula­
tion of the growth rate visible.
The only DCA— lAA interactions that approach significance are for the 
0— 10 hour and 20—40 hour periods. For the former, graph 9 A shows that it 
is due entirely to particularly high growth rates in 10~^ p.p.m. lAA and 1 
and 0.1 p.p.m. DCA. This is synergistic action and not antagonism. The 
interaction at 20—30 hours is due to the opposing tendencies of the control 
and .01 p.p.m. lAA curves at the 0, 10~^ and 10“  ^ p.p.m. DCA concentration 
level. This has no obvious physiological significance and can therefore be 
disregarded. Obviously therefore at these threshold concentrations of lAA 
a very wide range of DCA concentrations exert no antagonistic effects on 
auxin action at any stage during the whole extension period.
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Results. Antagonism  by 2,4-dichlorophenoI
In view of the close structural similarity of DCA and 2,4-dichlorophenol 
this latter compound has been investigated in growth experiments with cress 
and the inhibition of its root growth by 2,4-D. The phenol differs from DCA 
in that its inhibition suddenly increases as the concentration is increased 
between 10 and 100 p.p.m. At the former concentration inhibition is scarcely 
detectable while at the latter it is complete. Only very weak phenol solutions 
have therefore been investigated at concentrations around the inhibition 
threshold. They have been studied with 2,4-D itself in concentrations just 
above the inhibition threshold concentration. One m ajor experiment was 
carried out with 1 and 10 p.p.m. 2,4-dichlorophenol and .01 p.p.m. 2,4-D, 
each treatment being replicated twelve times.
The results of this experiment are shown in Tables 13 and 14. In Table 13 
are recorded the means of the growth of the 12 replicates from each treat­
ment and it will be seen that, as for DCA in the same concentration range, 
the inhibition by .01 p.p.m. 2,4-D is completely removed by the phenol. 
This interaction is not so highly significant as for DCA and 2,4-D, although 
by comparison with Table 4 it will be seen that the effects are of the same 
order. An analysis of variance of the full data is given in Table 14. The 
interaction/residual variance ratio is 2.69 corresponding to a probability of 
about 8 per cent. This high value is undoubtedly due to the very variable
Table 13. 2,4-d ichlorophenol and  2,4-D interact ions  in the total  
g r o w th  of Cress radicles.





0 100 zh2 .36 86.5 i  3.72
1.0 99.8 ±  4.90 105 d=4.32
10.0 94.4 ±  4.24 92.6 ±  4.34
Table 14. 2,4-dichlorophenol  and 2,4-D interac tions  in the total  g r o w th  of  Cress radicles.
Source o f  Variance Slim o f  Squares Degrees of  Freedom Mean Square P
2,4-D treatments ..................... 277 1 277
Phenol treatments ................. 1,308 2 654
Interaction ................................ 1,057 2 529 8 0/0
Residual .................................... 12,976 66 196.6
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plant material which happened to be used in this experiment. The residual 
variance for the corresponding 2,4-D— DCA interaction experiment was 68.6, 
i.e. just over a third that of the present experiment. The use of more uniform 
material of this kind in this experiment might be expected to give more 
highly significant interaction than for the DCA experiments. It seems highly 
likely therefore that DCA is no more effective in antagonising 2,4-D inhibi­
tions than is 2,4-dichlorophenol.
R esults: Interactions betw een auxins
Experiments have also been carried out on cress seedlings on the in ter­
actions between the auxins themselves. The results of one such experiment, 
i.e. between 2,4-D and phenoxyacetic acid are recorded below. The plan of 
the experiment is shown in Table 15. The results appear in Figure 10 and 
the analysis of variance in Table 16. It will be seen that the interaction 
variance here is highly significant and Figure 10 shows that it is largely due 
to antagonism of 2,4-D inhibition by 0.1 to 10 p.p.m. of phenoxyacetic acid 
(PoXA). The theoretical curves of no interaction are all hum ped in this 
PoXA concentration range, due to a similar hum ping of the m ajority  of the 
observed points in the solutions containing 2,4-D. No such hum ping is seen 
in the control sets containing no 2,4-D. All the observed values for growth 
in water controls lie well above the calculated mean and at the same level as 
those in .1, 1.0 and 10 p.p.m. PoXA alone. The one m ajor discrepancy from 
this general picture is for the results in the .01 p.p.m. 2,4-D and 1 p.p.m. PoXA 
mixture where the observed points fall well below the calculated. Only one of 
these three points falls outside the accepted limits of scatter about the 
calculated mean and it can be shown that this point contributes only about
Table 15. P o X A  and 2,4-D interac tions in the total  g r o w th  of  
Cress radicles.  P lan of experimenl.




0 .01 0.1 1.0
0 6 6 6 0
0.1 3 3 3 3
1.0 3 3 3 3
10 5 5 5 5
100 3 3 3 3
1,000 3 3 3 3
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Table 16. Po X A  and 2,A-D interac tions in the total  g r o w th  of Cress radicles,
(logio convers ion) .
Source o f  Variance Slim o f  Squares Degrees o f  Freedom Mean Square
1
P
2,4-1) treatm ents ................. 586.3 3 195.4
PoXA » ................. 1,759.0
181.6
5 351.8
Interaction ................................ 15 12.11 <  0.1 o/o
Residual .................................... 107.4 68 1.579
2.5 per cent to the total interaction variance as determined from the total 
sum of squares of differences between observed points and calculated means. 
This humping means therefore that, in these concentrations of PoXA, the in ­
hibitions due to 2,4-D are much smaller than those in the absence of PoXA,
i.e. a definite antagonism. Similar experiments with 2,4-D and lAA, and
2,4-D and MGPA showed no similar interaction between these hormones of 
high activity, and their inhibitions are therefore, within the limits of experi­
mental error, additive. In this experiment then we have a definite proof 
of the antagonism of the action of a strong auxin by a weak one.
Figure 10. Three-d imens ional  d iagram  
sh ow in g  the interac tions in the g rowt h  
of cress radicles of phe noxyace t ic  acid  
(PoXA) and 2,A-dichlorophenoxijacet ic  
acid  (2,4-D).
C losed'circles: Observed m ean growth  
in length of individual samples.
Open circles: Calculated m ean growth  
ill length assum ing no interaction.
On the ordinate: Growth in length.
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D iscussion
The final oiilcoine of the experiments that have been described is to make 
it doubtful whether 2,4-dichloranisole can be regarded as an effective » anti­
auxin». Only in one instance has an interaction with a growth hormone 
reached a desirable level of significance (P < 5  per cent). This was with 
phenoxyacetic acid, the very weakly inhibiting action of which in cress root 
growth was very slightly relieved by the DCA. There were indications that 
similar slight antagonisms were present against 2,4-D and MCPA inhibition in 
the same material and that these might reach an acceptable level of significance 
if more uniform  plant material could be found to work upon. On the other 
hand a precisely similar indication was obtained with 2,4-dichlorophenol 
interaction with 2,4-D. These latter results resemble the m uch more posilive 
ones of Aberg (1) in which the antagonistic action of a-naphthol was dem on­
strated with several auxins. The degree of all these antagonisms was m ore­
over very small and they occurred mostly at those critical concentrations of 
auxins just above the threshold of inhibition.
On the other hand no trace of an antagonism between DCA and either 
P-indolylacetic acid or 2,4-D could be evoked using sections excised from the 
extending zone of pea radicles, grown in a 0.5 per cent sucrose. Here the 
only trace of an interaction was the suggestion of a synergistic action of 
DCA at 0.1 and 1 p.p.m., augmenting the lAA stimulation of the early phases 
of growth at 10~^ p.p.m. It did not however reach an acceptable level of 
significance. A somewhat different synergism was indicated by a re-analysis 
of Bonner’s original data  for Avenci coleoptile sections, where a significant 
interaction is demonstrable, and this takes the form mainly of a heightened 
sensitivity of the coleoptile sections to DCA inhibition in the highest auxin 
concentrations.
The fact tha t in some m aterial (some samples of pea) DCA itself can 
behave precisely as does lAA, by stimulating in low concentrations (.01 and 
1.0 p.p.m.) the early stages of extension growth of sections and inhibiting 
growth above those concentrations, indicates that we m ay have to revise 
drastically our concepts of the rôle of auxins and particularly lAA in root 
growth. It is of course possible to explain the above DCA stimulation of root 
growth in terms of antagonism of the natural auxin (often assumed to be 
lAA), which has for a long time been regarded as being present in supra- 
optimal inhibiting concentrations. The relief of this inhibition by DCA could 
account for the observed stimulation of growth. This is the explanation put 
forward by both Burstrom (12) and by Aberg (1) to explain similar stimula­
tions of root growth by compounds such as NMSP and a-naphthoxy-propionic 
acids. But these results merely serve to throw up in stronger relief the
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enigmatical position of lAA which has precisely the same type of action on 
elongation growth of roots as these antagonists. If lAA is the natural hormone 
in roots and if it is present in siipra-optimal concentrations, then very 
elaborate and unconvincing theorising is necessary to explain the augmented 
growth when further small amounts are supplied in the external medium 
(Burstrom, 12). Might it not he that lAA is not the natural root hormone 
holding growth below its possible maximum?
This suggestion might seem highly heretical to m any since our ideas on 
the hormone physiology of elongation growth in roots have always been 
dominated by facts borrowed from the study of coleoptiles and stems and 
indirect evidence uncritically accepted from the study of roots themselves. 
The writers are not aware that any indisputable evidence exists for the 
occurrence of lAA in roots or that auxins, as we known them in coleoptiles 
and stems, play any part in the normal regulation of stretching growth in 
roots. The observations that concentrations of lAA of the order of one part 
in 10^° or 10^\ when applied extenmllij , accelerate elongation growth, have 
been interpreted quite unjustifiably as an » auxin action». W hy can we not 
include such substances as NMSP in the category of auxins since they bring 
about a similar stimulation of growth in low concentrations? The reason so 
far put forward is based on the demonstration of their antagonism of the 
inhibiting action of externallij applied auxins,  where antagonism of mere 
access to the growth system is not excluded as a possible explanation of the 
effects observed. The argument is also based on the assumption, largely 
disproved by certain independent investigations (Gorier, 15; Younis, 25), 
that » auxins» are present in supra-optimal concentrations in roots. The 
fallacious nature of the argument is further stressed by the fact that cell 
poisons such as sodium arsenate (Audus, 6) and iodoacetic acid (Commoner 
and Thimann, 14) can stimulate extension growth in pea stems etc. in suf­
ficiently low concentrations. Are these latter molecules then to be regarded 
as auxins?
To resolve these difficulties of interpretation it is better that we dispense 
with all preconceived notions derived from the study of stems and coleop­
tiles and consider the facts as they appear in relation to extension growth in 
roots only. Here we can distinguish two types of active compound.
(a) Those that augment growth in low concentrations and inhibit it p ro­
gressively in high. Examples are lAA, NMSP and its homologues (Aberg, 1), 
isobutyric acid homologues of the auxins (Burstrom, 13), etc.
(b) Those that only inhibit growth in all concentrations. Examples are 
most of the synthetic auxins that have so far been investigated in a wide 
range of concentrations, i.e. 2,4-D, naphthoxyacetic acid and phenoxyacetic 
acid.
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W ith this classification of active substances we can now resolve the enigma 
posed by the previous classification, which was why the application of both 
growth stimulant (lAA) and its antagonist (NMSP etc.) should, in one and 
the same system, produce independently the same growth response. To do 
this we merely postulate that the natural growth substance present in roots 
is not lAA but a simple inhibitor normally maintaining extension growth 
below its m axim um  possible level. lAA, NMSP, etc., i.e. those compounds 
in category (a) above, are all antagonists of this inhibitor and in very low 
concentrations, where they themselves have no other physiological action, 
they release the root from this inhibition and give augmented elongation 
growth. Naturally the effectiveness of the molecule will vary with its struc­
ture and optimum concentrations for antagonism will naturally  vary in 
accordance with this. The second category of compound (2,4-D, etc.) do not 
antagonise the natural inhibitor so that no stimulation of growth can be 
evoked in low concentrations.
If lAA were a direct growth stimulant in low concentrations, then we should 
expect antagonists to reduce its stimulating action in those concentrations. 
In actual fact in pea roots, DCA, which can itself stimulate growth in low 
concentrations, has no such neutralising action but instead there is a sugges­
tion that it m ay in suitable concentrations, augment this lAA stimulation. 
This behaviour is more easily explained in terms of their identical action in 
the same system, which, on the above hypothesis, would be the antagonism 
of the unknown natura l inhibitor.
In high concentrations of both types of compound, root growth inhibition 
sets in and the actual site of this inhibiting action in the growth system 
may be quite different from that at which the naturally  occurring inhibitor 
works. It is this high-concentration inhibition by the externally applied 
auxins that runs parallel with auxin action in the extension growth of 
coleoptiles and shoots, highly active auxins being very effective inhibitors 
(e.g. lAA and 2,4-D) weak auxins having small inhibitory powers (e.g. 
PoXA). By endowing these inhibiting molecules with two distinct and dif­
fering properties, affinity  for the growth system in which inhibition is 
exerted and activity, which is a measure of the effectiveness of the molecule 
when present at the inhibited centre, Aberg (3) has been able to explain the 
antagonism of a strong auxin inhibitor (e.g. 2,4-D) by a weak one (e.g. 
phenylacetic acid) as well as similar antagonisms by the special category 
of so-called » aux in-antagonists» (e.g. NMSP). Similar reasoning would 
explain the observations in this paper of the antagonism of 2,4-D inhibition 
by PoXA. The two types of antagonism, i.e. of the naturally  occurring 
inhibitor and of the auxin applied externally might, as has already been
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intimated, most prol)ably be associated with different aspects of tlie cliemical 
configuration of the antagonising molecule.
It would be premature to elaborate this theory further to account for a 
possible natural rôle of lAA in the extension growth of roots. This should 
properly await a convincing demonstration that this molecule does in fact 
normally occur there.
In the physiology of root growth a study of antagonisms between growth- 
active substances will undoubtedly go a long way to solving some of the 
problems that now beset us in this sphere of hormone investigations, but 
substances showing much more active antagonisms will have to be sought. 
Research along these lines is being actively pursued in this laboratory. The 
above experiments and those that have so far appeared in the literature show, 
however, that little if anything can be expected of 2,4-dichloranisole as an 
antagonist of the auxins.
Tlie aiitliors wish to express tlieir appreciative ttianks to IXIr. Patrick Slater of 
tlie Social Studies Department of Bedford College for his valuable advice and 
criticism during the statistical analyses of the data presented in this paper.
Summary
1. Owing to the unsatisfactory nature of the experimental data put for­
ward to support the claims that 2,4-dichloranisole (DCA) is an auxin antago­
nist, extensive experiments have been carried out with this molecule in an 
attempt to antagonise the auxin inhibition of root growth.
2. Adequately replicated experiments designed to yield results capable 
of precise statistical analysis were performed on two types of material, 
attached radicles of cress (Lepidiiim sativum) seedlings and excised sections 
from the extension zone of pea {Pisum sativum) radicles.
3. A wide range of DCA concentrations was used in combination with a 
similar wide range of concentrations of both strong (lAA, 2,4-D, MCPA) and 
weak (PoXA) auxins.
4. In the inhibition of both cress and pea root growth by the strong auxins 
DCA showed no interaction that reached an acceptable level of significance.
5. Only in the inhibition of cress root growth by the weak auxin PoXA 
did DCA show a very small but statistically significant antagonism.
6. There are indications that 2,4-dichlorophenol may be a very weak 
antagonist of 2,4-D action in cress root growth inhibition.
7. The weak auxin PoXA can act as a feeble antagonist of 2,4-D action 
in cress root growth inhibition.
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8. Views are expressed on the possible nature of auxin action in the control 
of root growth in the light of these and other observations on auxin-anti- 
auxin interactions.
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